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Bench scale microcosm incubation was first conducted in two stages to examine the 
removal of arsenic (As) by zero-valent iron (ZVI) in the presence of sulfate reducing bacteria, 
gypsum as well as organic substrates under anaerobic condition. About 98% of dissolved As was 
removed from solution within 20 days with concurrent decrease of dissolved sulfate and growth 
of bacterial population. Mineralogy analysis using SEM-EDS found the formation of iron sulfide 
and Fourier-transformed infrared (FTIR) spectroscopy analysis indicates that some As is 
associated with pyrite. The main iron corrosion product was found as ferrihydrite with traces of 
lepidocrocite. Sequential leaching shows that, on average, 38% of As can be mobilized by 
v 
 
phosphate, the portion of As associated with mixed amorphous phases. More than half of the As 
is in the crystalized ferric-(oxy)hyroxides and ~10% associated with crystalized sulfide phases. 
The structurally incorporated As is completely immobilized and not liable to release.  
Multi-stage column study was also conducted to understand the removal of As under 
dynamic flow conditions. Four columns were deployed with different flow rates and inflow 
chemistry. Arsenic removal experiment was performed in two separate stages, followed by 
leaching with phosphate to test the stability of retained As. The gypsum amended ZVI columns 
generally show good efficiency in removing As: 33~66% of total As fed into the columns was 
retained by the column, while 10~26% of retained As were leachable by phosphate. Effluent As 
and Fe levels suggest that As removal is mainly associated with FeS, in addition to the adsorption 
of As onto iron corrosion products. Our findings indicate that it is feasible to incorporate gypsum 
with ZVI and enhance the removal of As from aqueous solutions in either batch reactors or under 
flow conditions with microbial sulfate reduction. The fast adsorption of As onto Fe 
(oxy)hydroxides under aerobic condition is followed by precipitation of As with iron sulfides 
(under reduced condition) in the gypsum-amended ZVI system. The latter is more dominant at 
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1.1 Environmental Significance of Arsenic 
Arsenic (As) contamination has been recognized as a critical worldwide threat for its 
toxicity, carcinogenicity and widespread presence in the natural environment. It has been reported 
that chronic exposure to elevated levels of arsenic (As) can result in a range of negative health 
impacts such as peripheral vascular disease, diabetes and various types of cancers (Smith et al. 
1992, Maull et al. 2012, Navas-Acien et al. 2005). Over the past few decades, elevated levels of 
dissolved As in groundwater have been discovered in many countries, such as Bangladesh (Dhar 
1997, Ahamed et al. 2006), China (Zhiping, Van Halem and Verberk 2010, Chen et al. 1995), 
Chile (Cáceres, Gruttner and Contreras 1992), Mexico (Armienta and Segovia 2008), Greece, 
Spain, Finland and Germany , as well as the western part and New England States of United States 
(Yang et al. 2009, Welch, Lico and Hughes 1988, Welch et al. 2000, Robertson 1989, Ayotte et al. 
2003). The current threshold level of As in drinking water is 10 µg/L which is the guideline value 
set by the World Health Organization (WHO 2004). The Maximum Admissible Concentration 
(MAC) of As of 50 µg/L in drinking water set by the European Water Directive 80/778/EEC 




Similarly, the US Environmental Protection Agency has also lowered the Maximum Contaminant 
Level (MCL) for As in drinking water from 50 to 10 µg/L (EPA 2001). Considering the millions 
threatened by As poisoning, development of reliable and low cost As removal technology is 
therefore desperately needed.  
The high levels of As present in water systems are often the result of dissolution or 
mobilization from rocks, minerals, sediments, and soils containing As. Arsenic can also come from 
anthropogenic sources such as pesticides. In aqueous systems with circumneutral pH, the primary 
As species are negatively charged H2AsO4−/HAsO42− pentavalent arsenate As(V) in aerated surface 
environments, and neutral oxyanion of trivalent arsenite As(III) in reducing environments. While 
As(V) tends to ionize in solution and is thus easier to remove from water, As(III) is more mobile 
and more toxic to humans (Smedley and Kinniburgh 2002).  
1.2 Fe (oxy)hydroxides and ZVI for As removal 
In response to the widespread contamination of As, numerous studies have been conducted 
and various ex situ and in situ methods have been developed to remove or immobilize dissolved 
As from water systems over the last three decades. Common techniques include adsorption onto 
sorption media, adsorption onto coagulated flocs, anion exchange resin, co-precipitation, sand 
filtration, aeration and other emerging techniques (Mondal, Majumder and Mohanty 2006, Berg 
et al. 2006, Siddiqui and Chaudhry 2017, Sorg 1978, Luong et al. 2018). Each of these methods 




(oxy)hydroxides based methods are some of the most popular and effective. Either collected from 
natural environments, or synthesized and modified in the laboratory, several types of Fe oxides or 
Fe hydroxides (collectively called Fe (oxy)hydroxides) can immobilize dissolved As through 
different processes including sorption, (co) precipitation and surface complexation with generally 
high efficiency due to their high specific surface area (Wilkie and Hering 1996, Goldberg and 
Johnston 2001, Randall, Sherman and Ragnarsdottir 2001, Appelo et al. 2002). It is generally 
agreed that adsorption and (co) precipitation are the most predominant mechanisms for both 
arsenate and arsenite (Waychunas et al. 1993, Nikolaidis, Dobbs and Lackovic 2003, Manning et 
al. 2002). Laboratory batch and column investigations suggested that there is often a fast 
adsorption process of As onto iron corrosion products, followed by relatively slow (co)-
precipitation with iron oxides or sulfide minerals (Su and Puls 2004, Su and Puls 2003). Analysis 
of extended X-ray absorption fine structure (EXAFS) confirmed the formation of inner-sphere 
bidentate complexes by both arsenite and arsenate, and arsenite could also form outer-sphere 
surface complexes (Sherman and Randall 2003), accompanied by the changes in oxidation states 
(Manning et al. 2002). 
Various Fe (oxy)hydroxides were shown as great sorbents for dissolved As including 
goethite (α-FeOOH), akaganeite (β-FeO(OH)) , lepidocrocite (Fe(OH)3), hematite (α-Fe2O3), 
magnetite (Fe3O4) and especially the amorphous ferrihydrites (Fe5HO2·H2O or HFO (hydrous 
ferric oxides), which are known to readily form through the oxidation of dissolved ferrous iron 
(Schwertmann, Friedl and Stanjek 1999, Su and Puls 2008, Manning et al. 2002, Lumsdon et al. 




2000). Other Fe minerals such as the greenrust group were also reported to sequester dissolved As 
species effectively (Su and Puls 2004, Randall et al. 2001).  
The overall advantage of Fe (oxy)hydroxides in the removal of As led to the development 
of various new techniques such as direct application of Zero Valent Iron (ZVI), coating by iron 
solution and other methods promoting the (co) precipitation of ferrihydrite or other insoluble iron 
minerals. Despite the high capacity and relatively low cost, the adsorption of As species by Fe 
(oxy)hydroxides is often found vulnerable to changing geochemical conditions such as redox and 
pH. Arsenic sorbed by the surface of Fe (oxy)hydroxides was found to be sensitive to changes of 
pH and redox, and could be released back into the water when conditions change (Inskeep, 
McDermott and Fendorf 2001, Dixit and Hering 2003, Pedersen, Postma and Jakobsen 2006). One 
widely observed phenomenon is microbe induced reduction of Fe (oxy)hydroxides in anaerobic 
sediments, which often resulted in subsequent release of As into pore water or groundwater (Kocar 
et al. 2008, Pedersen et al. 2006, Dos Santos Afonso and Stumm 1992, Fakih et al. 2009). The pH 
of the aqueous system is also important, since the change of pH may alter the protonation of As 
species and when pH gets above the point of zero charge (PZC) the adsorption is under unfavorable 
electrostatic conditions (Wilkie and Hering 1996, Mamindy-Pajany et al. 2009). The presence of 
coexisting anions often adversely impact the adsorption of As by Fe (oxy)hydroxides, especially 
PO4 and silicate. Phosphate is of special concern, observed to greatly compromise the efficiency 
of As removal when present at high levels due to the similar ionic radii of phosphate and arsenate 
(AsO43−: 248 nm; PO43−: 238 nm) (Smedley and Kinniburgh 2002, Kandori et al. 1992, Manning 




Zero-valent iron (ZVI) has gained significant interest during the past two decades for its 
ability to remove various contaminants including As with great efficiency (Zhang et al. 2002, Fu, 
Dionysiou and Liu 2014, Lackovic, Nikolaidis and Dobbs 2000). Extensive studies have 
investigated the behavior and possible mechanisms of As species removal by ZVI in both lab and 
field applications (Ludwig et al. 2009, Cheng et al. 2005, Nikolaidis, Cheng and van Geen 2005, 
Kanel et al. 2005, Kanel, Grenèche and Choi 2006). Arsenic can be retained by mixed Fe 
(oxy)hydroxides as the corrosion products of ZVI through processes such as adsorption and 
precipitation. ZVI rapidly oxidizes in the presence of oxygen and water, and produces a variety of 
compounds such as lepidocrocite, akagaeneite, magnetite and maghemite or goethite (Reaction 1 
below). Depending on the chemical composition of the aqueous solution, the formation of green 
rust, mackinawite, and amorphous FeS is also common. As the corrosion progresses, the corrosion 
products may change from amorphous to more crystalized forms, and adsorption of As onto these 
different minerals also varies accordingly. In a closed corrosion system of ZVI, as the corrosion 
gradually becomes anaerobic, ZVI can still oxidize to Fe(II) using water as the primary oxidant 
(Reaction 2).  
2𝐹𝐹𝐹𝐹0 + 𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 → 2𝐹𝐹𝐹𝐹2+ + 4𝑂𝑂𝐻𝐻− (𝑅𝑅𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 1) 
𝐹𝐹𝐹𝐹0 + 2𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹2+ + 𝐻𝐻2 + 2𝑂𝑂𝐻𝐻− (𝑅𝑅𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 2) 
ZVI is also observed to be quite effective in the retention of both As (III) and As(V) 
compared to Fe (oxy) hydroxides. While As(III) removal by Fe (oxy) hydroxides was often 




bidentate As(III) and As(V) complexes (Leupin and Hug 2005, Lien and Wilkin 2005, Manning 
et al. 2002, Farquhar et al. 2002, Kanel et al. 2005), it is generally believed arsenate showed more 
affinity over arsenite. In the case of ZVI, it was reported that the peroxidation of As(III) to As(V) 
might not be a necessary process in the removal of As(III) (Lien and Wilkin 2005). The better 
efficiency of As(III) removal by ZVI is due to other pathways related to the more complex and 
chronic corrosion of ZVI. 
Despite its high performance, ZVI technology shares the same limitation as Fe (oxy) 
hydroxides for being vulnerable to redox and pH changes and liable to be compromised by 
competition anions (Benner et al. 2002b, Pedersen et al. 2006, Wang et al. 2012, Fakih et al. 2009, 
Jackson and Miller 2000, Su and Puls 2001a, Su and Puls 2003, Tyrovola et al. 2006, Fu et al. 
2014). Besides, the inherent shortcoming of ZVI lies in that the corrosion of iron produce gases 
such as hydrogen, hydrogen sulfide or dinitrogen in practical operations. The gradual passivation 
of ZVI is another problem. The corrosion products tend to coagulate over time, leading to loss of 
porosity which in turn could limit Fe corrosion and the capacity of As adsorbed (Henderson and 
Demond 2007, Fu et al. 2014). Given the diversity of ZVI corrosion products and the various 
operating and aqueous conditions, these processes could emerge at different times during the 
implementation of ZVI and questions then arise as the long term fate of the sequestered As species 




1.3 FeS and As removal 
The fate and transport of dissolved As is also closely related to the cycling of sulfur (S). 
Elevated levels of As are frequently observed in subsurface aquifer where Fe (oxy)hydroxides are 
subject to reductive dissolution. However, the dissolved As levels in groundwater or porewater 
were often maintained at low levels at areas rich in sulfur, and mapping results indicated As was 
spatially associated with both Fe and S (Benner et al. 2002a, Nikolaidis et al. 2003, Kirk et al. 
2004, Lowers et al. 2007). Dissolved As levels were often observed lower in some reducing 
conditions such as aquifers and sediments (Kirk et al. 2004, Wilkin and Ford 2006, Chaillou et al. 
2003).(Masuda, Yamatani and Okai (2005) found As-bearing sulfides in deeper intertidal sediment 
and As-bearing Fe (oxy)hydroxides in shallower sediment. Similarly, X-ray absorption 
spectroscopy (XAS) and chemical leaching data showed As associated in principle with authigenic 
pyrite in deep borehole(~ 400 m) sediments, while in shallower sediments (20-100m) As is 
associated with both pyrite and ferric (oxy)hydroxides (Lowers et al. 2007). The generation of 
sulfide from sulfate was observed in a wide range of anoxic environments such as groundwater 
systems and wetland sediments. The reduction is mediated by sulfate reducing bacteria that obtain 
metabolic energy by coupling the oxidation of organic substances or hydrogen with the reduction 
of sulfate (Miao et al. 2011, Muyzer and Stams 2008). Since the behavior of As is often coupled 
to the biogeochemistry of Fe (Roberts et al. 2004, Root et al. 2007), any sulfide related process 




Many research have investigated the sequestration of As using iron or sulfides from 
different perspectives (Köber et al. 2005b, Kirk et al. 2004, Kirk et al. 2010, Kocar, Borch and 
Fendorf 2010, Onstott et al. 2011, Rittle, Drever and Colberg 1995, Gong, Tang and Zhao 2016, 
Keimowitz et al. 2007, Wilkin 2001, Lowers et al. 2007). Arsenic was found to be adsorbed 
strongly on both troilite and pyrite at pH levels higher than 5, possibly through the formation of 
inner sphere complexes (Bostick and Fendorf 2003). Adsorption of arsenite and arsenate was 
reported with fast kinetics by FeS and mackinawite (Wolthers et al. 2005).(Gallegos, Han and 
Hayes (2008) also reported that mackinawite suspensions can effectively lower As(III) levels at a 
pH range of 5–10. Synthetic FeS particles or FeS coating was widely investigated as a promising 
technique to remediate heavy metals including As (Gong et al. 2016).(Han et al. (2011) also 
reported 30% removal of arsenite by FeS coated sand. Besides being adsorbed onto the surface of 
synthetic mackinawite and pyrite, As could also co-precipitate with Fe sulfide. The ratio of [Fe]:S 
is critical for the distribution of As between adsorbed FeS and the precipitated solids, and longer 
residence time appears to favor the migration of As into the crystal of FeS (O'Day et al. 2004). 
Aside from association with FeS, precipitation of discrete As sulfide minerals, such as realgar or 
orpiment (Köber et al. 2005b, Kirk et al. 2004, Onstott et al. 2011, Gallegos et al. 2008, Bostick 
and Fendorf 2003) is also important sulfide processes in the removal of As, and co-precipitation 
of As with Fe and sulfide as FeAsS is also reported possible pathways to sequester As within the 
ZVI system (Köber et al. 2005b).  
Despite the great efficiency of both Fe (oxy)hydroxides and various FeS on their ability to 




condition provides a slightly different view. It was found in batch incubations using As(III/V)-
bearing ferrihydrite with stimulated bacterial activities by lactate and sulfate that As initially bound 
to the ferric (hydr)oxide could be mobilized. According to their observations, although dissolved 
Fe is prone to precipitate with biogenic sulfide as insoluble Fe sulfide like pyrite and mackinawite, 
As was found to associate only weakly with these FeS in anoxic conditions (Kocar et al. 2010). 
Burton et al. (2011) has similar observations in their SRB inoculated columns study using As(III)-
bearing ferrihydrite-coated quartz. Sulfidization of ferrihydrite lead to formations of mackinawite, 
and substantial mobilization of As was found and the fate of the mobilized As was found quite 
related to pH levels. A similar study was conducted by Kirk et al. (2010) using synthetic goethite 
in anaerobic semi-flow reactor and it was found that As was not effectively immobilized with 
formations of pyrite and mackinawite.  
1.4 Objectives of this study 
While some lab incubations investigated As precipitation with sulfate reducing bacteria 
(SRB) and dissolved Fe substrate (Teclu et al. 2008, Kirk et al. 2010), very little research had tried 
to combine the adsorption of As by ZVI and deliberately incorporate these sulfide related As 
retention processes within the ZVI system. This is a promising approach on As remediation 
considering the close correlations of As with Fe and sulfide under circumneutral pH when 
microbial sulfate reduction and degradation of organic substrate gradually shifts the system from 
aerobic to anaerobic. The hypothesis is that As could be sequestered from the solution through 




sulfide minerals. The alternative pathway to sequester As by ZVI through sulfide would potentially 
alleviate the release of As through reductive dissolution of Fe (oxy)hydroxide during a redox shift. 
The competitions from other anions such as phosphate and silicate with As anions for adsorption 
will no longer be a serious issue considering the completely different pathway with sulfide. 
However, questions related to the formation and transformation of different Fe (oxy)hydroxides, 
the sulfidization of Fe (oxy)hydroxides in a reducing ZVI system and their ability to retain As 
under different operating conditions, and the long-term fate of retained As by a variety of Fe 
minerals formed in the complex system of Fe-S-As is inadequately understood.  
This research investigated the feasibility of As removal using mixtures of gypsum and ZVI 
in both closed microcosm incubators and dynamic flow conditions, respectively. Sulfate reducing 
bacteria were inoculated in both systems with the presence of ZVI and carbohydrates were 
provided to promote the activities of SRBs. The incubator allows for the first time observation of 
the development of SRB population in the presence of ZVI, the corrosion of ZVI in the presence 
of SRB in a reducing environment, the evolution and final fate of retained As. Based on knowledge 
learned from batch incubation, flow through columns packed with ZVI and gypsum are also 
designed and deployed to examine the retention of arsenite.  
Within the proposed gypsum and bacteria modified ZVI system, under oxic conditions, As 
could be retained by Fe (oxy)hydroxides formed at the initial stage of ZVI corrosion, as the system 
would gradually shift to anoxic, the working hypothesis lies that under the anaerobic corrosion of 




 Fast sulfate reduction sulfide generation can be replicated in gypsum adapted ZVI 
microcosm incubators as well as in dynamic flow conditions.  
 Formation of iron sulfide could be directly precipitated from solution or as results 
of microbial sulfidogenesis of Fe (oxy)hydroxides. 
 Association of As with FeS could function as another primary and sustainable 
process in the anaerobic system of ZVI to sequester As. 
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Bench scale experiments were conducted to investigate arsenic (As) removal by Zero-
valent Iron (ZVI) from artificial groundwater in the presence of sulfate reduction bacteria (SRB). 
Eight microcosms were studied through time series samples for 50 days at room temperature and 
then kept in closed 1-L glass bottles for additional 80 days as two stages. During the initial 50 days, 
artificial groundwater was first spiked with 25mg/L of As as arsenite was used along with 10 grams 
of granular ZVI, SRB-bearing sludge, powdered gypsum and carbohydrate supplements. 98% of 
dissolved As was removed within 20 days, and concurrent removal of sulfate from solution with 
up to 10 fold increase of SRB population. PO4 was also rapidly removed within 10 days but a small 
amount was released back into the solution later. Microcosms then received a second spike of 20 
mg/L As (arsenite and arsenate) following the 1st stage to observe continuous removal of As. The 
microcosms were tightly closed for 50 more days. Our results indicated ZVI corrosions could serve 
as a habitat to proliferate SRBs, and microbial mediated SO4 reduction could be well stimulated at 
a rate fast enough with proper amendments of organic compounds and a source of sulfate. Arsenic 
could be effectively removed by ZVI with promoted microbial SO4 reduction, and the 
sequestration of As in this gypsum loaded ZVI system is not liable to release under anaerobic 





Elevated levels of arsenic (As), a toxic metalloid, is often found in groundwater due to both 
anthropogenic and natural processes (Smedley and Kinniburgh 2002, Ng, Wang and Shraim 2003, 
Welch et al. 2000). Growing populations exposed to detrimental levels of As in their drinking 
water have been reported in Bangladesh, India, Argentina, Taiwan, Mexico (EPA 2001) and many 
other areas in the world, including the United States (Dhar 1997, RoyáChowdhury 1995, Borgoño 
et al. 1977, Chen et al. 1994, Del Razo, Arellano and Cebrián 1990, Matisoff et al. 1982, 
Nordstrom 2002, Boudette 1985). Drinking water with high As levels is recognized to be an urgent 
and challenging environmental problem facing mankind due to its enormity and severity. The US 
Environmental Protection Agency (EPA) has revised the maximum contaminant level (MCL) of 
As in drinking water from 50 ug/L to 10 ug/L - the current World Health Organization (WHO) 
threshold (EPA 2001, WHO 2004). Development of reliable and cost-effective As removal 
technology is therefore urgently needed. 
Among the many technologies to reduce dissolved As levels in aqueous systems, zero 
valent iron (ZVI, Fe0) has garnered considerable interest due to its high performance in the removal 
of various inorganic and organic contaminants including several forms of As (Cantrell, Kaplan 
and Wietsma 1995, Kanel et al. 2005, Sayles et al. 1997, Puls, Paul and Powell 1999, Song and 
Carraway 2005, Cheng et al. 2005, Nikolaidis et al. 2005). Removal of inorganic As species using 
ZVI has been evaluated for its applicability and limitation in several laboratory scale batch and 




and arsenate effectively. The properties (surface area/ grain size, brand, etc.) of ZVI used, the 
corrosion rates of iron, retention time and oxidation forms of As species were all found as 
important factors, as well as water chemistry (Lackovic et al. 2000, Nikolaidis et al. 2003, Su and 
Puls 2001a, Su and Puls 2003, Lien and Wilkin 2005, Kanel et al. 2005). Spectroscopic results 
suggested retention of both arsenate and arsenite by ZVI was mainly through surface adsorption 
(binding of As onto Fe (oxy)hydroxides to form surface complexes at a fast rate) and 
precipitation/co-precipitation (portions of As migrating into the mineral structure over time) 
(Farrell et al. 2001, Manning et al. 2002, Su and Puls 2004, Lien and Wilkin 2005). Despite the 
great efficiency, the As sorbed on the surface of Fe (oxy)hydroxides was found sensitive to 
condition changes especially pH and redox, and could be released back into the water when 
conditions change (Inskeep et al. 2001, Dixit and Hering 2003, Pedersen et al. 2006). Moreover, 
the efficiency of As removal through Fe (oxy)hydroxides adsorption was often compromised by 
competition of other inner-sphere complex forming anions such as phosphate (Jackson and Miller 
2000, Su and Puls 2001a, Su and Puls 2003). Bicarbonate and sulfate were also found to have 
adverse effects on As adsorption when present in high concentrations (Wilkie and Hering 1996, 
Jackson and Miller 2000, Kim, Nriagu and Haack 2000, Su and Puls 2001a). This leads to reduced 
longevity of the water treatment medium (i.e., adsorbent in permeable reactive barriers or PRBs). 
Besides, the regeneration of adsorbent is technically difficult and costly. The disposal of large 
quantities of the contaminated spent adsorbent could be another challenge (Sarkar et al. 2008, 




Field scale applications of ZVI also showed variable performances across different 
operating conditions (Lackovic et al. 2000, Nikolaidis et al. 2003, Morrison, Metzler and Dwyer 
2002, Vlassopoulos et al. 2005, Meladiotis, Veranis and Nikolaidis 2002) Results from field 
studies on As contaminated aquifers and groundwater further connected the mobility of As in 
groundwater to sulfur (S) cycling in the natural environment. Arsenic levels were observed lower 
in reducing aquifers and sediments with the presence of sulfide (Kirk et al. 2004, Chaillou et al. 
2003, Wilkin and Ford 2006). Synchrotron X-ray absorption spectroscopy (XAS) results of O’Day 
et al. (2004) found As mainly presented as realgar (As4S4) within sediments from an As 
contaminated aquifer, while As substituted for Fe or S in iron sulfide molecules was not yet 
observed. The strong spatial correlation between As and S suggested As retention could be related 
to the formation of sulfide in natural conditions.  
Microbial sulfate reduction to sulfide is a ubiquitous process mediated by sulfate reducing 
bacteria (SRB) where redox potential is below ~ -100mV when sulfate is readily available. Sulfide 
would first precipitate with dissolved Fe ions or other cations given the generally low solubilities 
of metal sulfides. Substantial efforts have been made to explore these processes in the lab, and 
formations of a variety of sulfide minerals were reported. Rittle et al. (1995) found arsenite 
precipitated as arsenopyrite (FeAsS) in their lab scale incubation with SRB-bearing sediment and 
artificial groundwater. Castro et al. (1999) observed simultaneous decrease of As, Fe and sulfate 
from lake water amended with organic waste within their lab microcosms. Bostic et al. (2004) 
observed the formation of FeAsS-like precipitate in their adsorption experiment of arsenite using 




Kirk et al. (2010) found that immobilized As was mainly associated with pyrite (FeS2) in their 
anaerobic bioreactors. Keimowitz et al. (2007) also observed that arsenite was effectively removed 
in the lab microcosm incubation, where evolutions of sulfate, sulfide, and As suggested enhanced 
sulfate reduction.  
Despite those encouraging experimental results, microbial sulfate reduction was often 
found limited by the availability of dissolved organic carbon (as a nutrient source for bacteria) and 
ambient water chemistry (Castro et al. 1999, Tang, Baskaran and Nemati 2009). The interaction 
among As, corroded Fe and sulfide was another complex and pH-dependent process (Su and Puls 
2008). The ratio of Fe-As-S was found to be critical, potentially resulting in the formation of 
different Fe/As sulfide minerals or even soluble thioarsenite species (Keimowitz et al. 2007, 
Wilkin and Ford 2006, Hering and Kneebone 2002). 
The corrosion rates of ZVI is another aspect to take into account before any ZVI based As 
regulation technique could be applied practically, especially under anoxic conditions such as 
aquifer and engineered aquatic environments (e.g., oil and gas piping). Under sterile anoxic 
conditions, the corrosion of ZVI is often found to be practically insignificant owing to the 
kinetically slow process of the cathodic reaction of iron corrosion where protons were reduced to 
molecular hydrogen (Kaesche 2012). This also results in clogging/passivation and reduced 
reactivity, which often occurs in subsurface ZVI injections aiming to remediate contaminants 
(Henderson and Demond 2007, Fu et al. 2014). However, this situation could change with the 




engineered environments. Although various mechanisms on how such microorganism would 
influence the aerobic and anaerobic corrosion of iron have been suggested (Enning and Garrelfs 
2014), there has been no consensus achieved yet. The relative contributions of different microbial 
metabolic products and their overall impact on iron/ZVI corrosion rate should often been evaluated 
case by case.  
Based on these lab and field findings, ZVI is a promising candidate to remediate As when 
coupled with stimulated sulfate reduction (Castro et al. 1999, Kirk et al. 2010, Bostick, Chen and 
Fendorf 2004, Keimowitz et al. 2007, Köber et al. 2005b). Corrosion of ZVI in a semi-closed 
system gradually consumes dissolved oxygen and shifts the solution from aerobic to anaerobic, a 
condition suitable for growth of SRB when organic carbon is also available. In particular, few 
laboratory studies had combined the use of both ZVI and bio-sourced sulfide for remediation of 
As. Köber et al. (2005a) investigated the removal of As by ZVI using sequential columns filled 
with gypsum and organic matter, respectively. XAS data indicated that As in the solid phase was 
not only associated with Fe (oxy)hydroxides as in most ZVI systems, but there were direct 
coordination of sulfur and iron with As, probably as precipitated As sulfides, or co-precipitated 
thioarsenites. While metallic Fe was found as the primary phase, XRD analysis also found 
occasional presence of mackinawite (FeS1-X), greigite (Fe3S4), iron monosulfides and arsenic 
sulfides as alacranite (As4S4) (Köber et al. 2005a). Despite their findings, there is lack of consensus 
on the rates and specific mechanism of As removal by either ZVI corrosion or interactions between 




with gypsum and carbohydrates, and As retention with the variety of Fe minerals especially sulfide 
at different conditions are inadequately understood. 
The aim of this research is to investigate detailed processes pertaining to the retention of 
arsenite using ZVI reactors coupled with SRB mediated sulfate reduction. Specifically, the bench 
microcosm study was conducted with objectives of: 1) investigate the corrosion process of ZVI in 
the presence of microbial reduction of sulfate 2) the growth of SRB populations in the presence of 
ZVI with carbohydrates and gypsum supplements 3) evaluate the removal efficiency of As and 
PO4 from the solution, and associated changes in water chemistry. The insoluble residue material 
in each microcosm after the experiment, which is also important for understanding the partition of 
As in different solid phases and the key processes within this complex system, has also been 
studied but the results will be reported elsewhere separately (Chapter 3).  
  
2.2 Methodology 
2.2.1 Setup of ZVI Microcosms 
Ten microcosms (abbreviated T1~T10) were set up using 1 L clear glass bottles at room 
temperature (18-22°C). The incubation process is divided into two phases. Phase 1 ran from the 
beginning of the experiment to day 50. During this stage slurry samples were taken in time series 




on the low dissolved sulfate concentrations, which decreased to below 5 mM, 1.5 grams of powder 
gypsum was added into each microcosm on day 53 to sustain activities of SRB. An additional 2 
grams of gypsum was added again to each microcosm on day 80 for the same reason. Total 
dissolved As levels were low (< 1mg/L) by the end of phase 1. To further investigate the capacity 
of the microcosms, in phase 2 four microcosms (T3, T4, T6, and T7) were spiked with different 
As species to ~20 mg/L of As on day 80. The microcosm bottles were left undisturbed for 50 
additional days (until day 130) to minimize the exposure to oxygen. The microcosms then had the 
solid residual filtered and freeze-dried for future characterization (Chapter 3). Black precipitates 
were observed all over the surface of used ZVI chips. More specific details of the ten microcosms 
are given in Table 2-1.  
Briefly, twenty grams of granular Fe0 filing ( 2.0 to 4.0 mm chips), ~40 grams of sludge 
slurry (preparation details given later), 3 grams of powdered gypsum (Fisher), 10 grams of 
prewashed 50-70 mesh white sand and 790 ml of artificial groundwater were sealed in the bottle 
with a head space of ~200 ml of ambient air. The artificial groundwater matrix contained initial 
concentrations of 20 mM of lactate (as C3H5NaO3, Fisher) and 10mM of pyruvate (as C3H3O3Na, 
Sigma). Microcosms T1 and T5 were duplicate treatments, so were T3 and T6, T4 and T7. In T3, 
T4, T6, and T7, Arsenite was added as NaAsO2 (Sigma) at 25mg/L of As. And PO4 was added as 
KH2PO4 (Sigma) at 25mg/L of P-PO4 only to T4 and T7. T8 had all of the matrix but no SRB 
sludge or As/PO4 spikes. T9 as another control microcosm was spiked with molybdate (as 
(NH4)6Mo7O24 · 4H2O, Sigma) at 10 mM concentration to inhibit the sulfate reduction activities 




conditions (Rittle et al. 1995). The first stage of incubation lasted for 50 days, during which 
statistical analysis for paired time series samples indicated no significant differences at the 95% 
confidence level between duplicate microcosms (T1 VS T5, T3 VS T6, and T4 VS T7). Therefore, 
the averaged values of duplicate microcosms were used in the following discussion to reduce 
redundancy.  
2.2.2 The Second time As spike  
The four microcosms T3, T4, T6 andT7 that received As at the 1st stage were no longer 
parallel duplicates during the 2nd phase of the incubation. On day 80, T3 and T4 were re-spiked 
with additional arsenite (replenished to ~20 mg/L of As), while T6 and T7 were re-spiked with 
arsenate (Na2HAsO4·7H2O, Sigma, also replenished to ~20 mg/L of As) (Table 2-1). The other 
microcosm received equivalent amount of de-ionized water to compensate for the sampled 
volumes in microcosms. The microcosms were then left undisturbed for 50 additional days to 
minimize the exposure to oxygen. Dissolved cation concentrations were analyzed from centrifuged 
and acidified slurry samples using ICP-MS after the termination of the microcosm incubation on 





Table 2-1 Characteristics of the microcosms obtained in presence of ZVI, gypsum, sand, sludge, and differently added As species/ 






2.2.3 Bacterial Enumeration 
Genomic DNA was extracted from slurry samples within the microcosms using the MoBio 
Power Soil DNA isolation kit (MoBio Laboratories) immediately after sampling. DNA 
concentrations of samples were determined by ND-1000UV-Vis Spectrophotometer (NanoDrop 
Technologies). Copy number of dissimilatory sulfite reductase Beta-subunit (dsrB) gene was used 
as a baseline for the numbers of SRB cells. Quantification of dsrB copy number in the extracted 
DNA was performed using the Rotor-Gene 6000 thermocycler (Qiagen). Amplification of 
extracted DNA template was performed with SybrGreen Super Mix (Bio-Rad Laboratories) as the 
double-stranded DNA (dsDNA) binding dye in a 12.5µL final volume with 6.25µL SybrGreen 
Mix, 1µL of primer DSRp2060F and 1 µL DSR4R (Yamashita, Yamamoto-Ikemoto and Zhu 
2011, Foti et al. 2007), 1 µL DNA template and 3.25 µL Biograde DI water. The amplification 
consists of 35 cycles, with each consisting of denaturation (40 seconds at 95°C), annealing (40 
seconds at 55°C) and a final elongation at 72°C for 1 minute (Foti et al. 2007). 
A partially dsrB purified PCR product of SRB sludge using the DNA Purification kit 
(MoBio) was used in eight serial dilution points (in steps of tenfold), and this purified serial was 
used as the calibration standard for subsequent quantification. The copy number of this standard 
was calculated on the basis of the measured DNA concentrations (ng/µl), an average molecular 
mass of 650 g/mol/bp for a basepair (bp) in a double stranded DNA and the size of template gene 
as dsrB (~350 bp). The cycle number at which the signal was first detected is correlated with the 




inversely proportional to the real-time threshold cycle (Ct). Standard curves were obtained by 
plotting the Ct value of each tenfold-dilution series. Tenfold diluted sample DNA extractions were 
simultaneously assayed in the qPCR with the standard series, and all runs included a no-template 
control. The dsr copy number per ml of sediment slurry was determined using the standard curve.  
2.2.4 Sludge preparation and sampling 
The sludge used for the microcosm experiments was obtained from urban streetside runoff 
catch basins which were known to have significant rotten egg smell – indicating the presence of 
hydrogen sulfide and SRB in the organic rich environment. Sludge materials from several sites 
were first screened by qPCR qualitatively and only those containing sulfate reducing lineages were 
selected for subsequent incubation. Approximately 1 kg of mixed wet sludge was combined with 
1 L of deionized water and thoroughly mixed in a food processor to provide a diversified microbial 
community. Gypsum powder (Fisher) and 10% glycerol (Sigma) were then added to the mixture 
and cultured for six days to develop SRB population. The cultured mixture was then used for 
microcosm experiments. After the SRB sludge had been added to the microcosms along with ZVI, 
carbohydrates and gypsum, the supernatant turned from blue to pink in the presence of resazurin 
within the first 2 days – suggesting a shift to reducing conditions in the microcosms. Except for 
T9 with biocide molybdate, solutions in all the microcosms with SRB sludge turned turbid with 
bubbles emerging from the bottom of the incubating bottles. Distinctive rotten egg the odor of 
hydrogen sulfide was detectable when certain incubation bottles were opened for sampling after 2 




During the 50 day incubation at the 1st stage, 5ml of slurry sample aliquots were 
periodically removed (on day 1, 3, 7, 10, 15, 20, 25, 31, 37, 43, 50 after the initialization of the 
incubation) and analyzed at each sampling event above. The microcosms were first shaken 
vigorously with closed caps for 1 minute before sampling, after that the 5ml slurry samples were 
taken right away from the supernatant through the cap opening using a 10 ml pipette. A 1ml sub-
portion of the supernatant was diluted 10 times and acidified to 1% nitric acid (Optima grade) for 
analysis of total dissolved cations immediately after sampling and centrifugation. The rest of the 
supernatant was preserved and analyzed for anions. The pH and Eh of slurry samples were 
measured in situ during each sampling event. Additionally, 5-10 ml of slurry was sampled 
separately and genomic DNA was extracted and stored at -20°C for subsequent real-time 
Quantitative Polymerase Chain Reaction (qPCR) analysis.  
The concentrations of total dissolved As, Fe, Ca, P, and Cr were determined for acidified 
samples (supernatant samples from microcosm bottles) by Inductively Coupled Plasma Mass 
Spectrometer (ICP-MS, Perkin Elmer DRCe). Anions including Cl-, NO3-, PO43- , SO42-, acetate 
and pyruvate were analyzed from unacidified samples on a Dionex DX-100 Ion Chromatography 




2.3 Results  
2.3.1 The pH, Eh, dissolve Fe and Ca in the microcosms 
Before the initiation of the incubation, all microcosms had their pH adjusted to 7, since 
SRBs are known to thrive best in pH range 5~8, beyond which could result in reduced activity. 
The pH in microcosms with SRBs first decreased slightly within the first 3 days of incubation and 
then increased gradually (Figure 2-1). For all SRB microcosms, solution pH levels were 
maintained between 6.3 and 7.4 during the incubation. In the abiotic control (T8) without SRB, 
pH increased rapidly to above 8 at around day 3, and gradually decreased to slightly below 7 within 
20 days.  
In all SRB-bearing microcosms, bacterial respiration of carbohydrates and ZVI corrosion 
progressively consumed O2 and shifted the system to anoxic. With the resazurin indicator (1 mg/L) 
the solution turned color blue-purple to pink in the first 1-2 days as the incubation initiated. 
Measured Eh fell well below -150 mV in a couple of days, followed by a slight rebound and then 
further decreased. The Eh values remained below -100 mV throughout the incubation (Figure 
2-1). T8 without SRB had higher Eh than the SRB-bearing microcosms. The Eh levels of T2 were 
the highest among all SRB-bearing microcosms but lower than T8. T10 without ZVI had the lowest 










Dissolved total Fe concentrations were monitored throughout the incubation. The 
measured Fe was the equilibrium concentrations of both ZVI corrosion and precipitation of various 
iron minerals processes during the incubation. With or without As and PO4 spikes, dissolved Fe 
levels in T1~T7 with SRB sludge had consistent trends (Figure 2-2). There were rapid increases 
of total dissolved Fe during the first 15 days in these ZVI microcosms with SRBs and higher dose 
of carbohydrates. Total dissolved Fe concentrations increased at ~ 6.23 mg/L of dissolved Fe in 
T1 and T5 without As/P spike, at ~ 6.38 mg/L of Fe in T3 and T6 with only As spike, and at ~5.53 
mg/L of dissolved Fe in T4 and T7 with both As and PO4 spikes, respectively. The dissolved Fe 
level then declined rapidly to below the detection limit by day 25 and after. The control microcosm 
T8 without SRBs was notably different from this trend, where dissolved Fe concentrations kept 
increasing at a constant but much slower rate of 1.28 mg/L of dissolved Fe (r2=0.93) throughout 
the 50 day incubation period and did not reach equilibrium. In control microcosm T9 spiked with 
10 mM of ammonium ammonium molybdate, dissolved iron was maintained at ~15 mg/L 
throughout the incubation. Dissolved iron is generally known to react with molybdate and the 











Dissolved calcium concentrations were also recorded (Figure 2-2). At the SRB bearing 
microcosms Ca constantly fluctuated within 400 ~ 450 mg/L range for the first 30 days. After that 
dissolved calcium gradually decreased with calcium in T1 and T5 lower than in T3, T6 and calcium 
in T4, T7 slightly higher than in T3, T6. Calcium levels were generally related to pH and the 
decrease might be attributed to precipitation of calcium as calcium sulfide or with carbonate or 
phosphate when the system slowly shifted to higher pH levels. In T8 without SRB containing 
sludge Ca slightly increased from 436 mg/L to over 500 mg/L during the 1st stage of incubation, 
consistent with the higher levels of dissolved sulfate in this abiotic control microcosm. T10 without 
ZVI has the highest calcium levels throughout the incubation and shows an increase of up to 565 
mg/L on day 31. The high calcium correspond to the lower pH levels in the microcosm.  
2.3.2 Organic substrates, Sulfate and SRB 
Among the several parameters which could affect the rate of sulfate reduction, the 
availability of carbohydrate is likely one of the most important. Pyruvate was readily consumed 
by the SRBs and was depleted within 10 days in all SRB microcosms (Figure 2-3). Consumption 
of lactate appeared to start after almost depletion of pyruvate. This suggested the SRBs have a 
preference for pyruvate over lactate, while both types of carbohydrates could be metabolized by 
the bacteria. Lactate was depleted at ~ day 15 in all SRB microcosms with higher doses of the 
carbohydrates. T2 with a lower dose of carbohydrates had its pyruvate consumed at a faster rate. 
However, there was still detectable lactate after day 20. The consumption rate of lactate (Figure 




sludge also had pyruvate progressively removed at the rate of 0.115 mM/day (r2=0.98). On the 
contrary, lactate was maintained at ~18 mM throughout the incubation in the same microcosm, 
suggesting pyruvate might couple with the corrosion products of ZVI rather than lactate. In T9 
with molybdate, although the activities of SRBs were theoretically minimized (Nair et al. 2015, 
Willis et al. 1997), both carbohydrates were consumed regardless. This could be either due to 
contamination introduced at sampling events at the later stage of the incubation, or there might be 






Figure 2-3 Pyruvate and lactate concentrations (mM) in all microcosms during the 1st stage of 
incubation 
 
The initial sulfate level in all microcosms was >18 mmol/L (mM) of SO4 assuming 
saturated gypsum solution. In microcosms with a mixture of ZVI, gypsum, high dose of 
carbohydrates and SRB sludge (T1-T5, T3-T6, T4-T7), SO4 decreased to ~8 mM by day 25 
(Figure 2-4). For T2 which had similar settings except for a lower dose of carbohydrates, SO4 was 
lowered to 13 mM by day 25. In T10 with no ZVI but with SRB and carbohydrates, sulfate level 




at ~17 mM by day 25 and thereafter. The abiotic control T8 had a constant sulfate level at ~18 
mM, suggesting that the amount of sulfate reduced or sorbed onto corroded Fe (oxy)hydroxides 
was minimal. These results suggested that the removal of sulfate was the primarily the result of 





Figure 2-4 Sulfate concentrations (mM) in all microcosms during the 1st stage of incubation 
 
Concentrations of SRB in all microcosms at the start of incubations were approximately 
104-106 cell /ml of slurry sample based one qPCR tests. After an acclimation period of ~20 days, 
by day 25 the dsrB gene copies in microcosms with high dose of carbohydrates increased by a 




As and PO4, cell numbers increase roughly 100 fold to 1×107 by day 73, corresponding well to the 
decreases of sulfate concentration and removal of carbohydrates. The SRB community thus needed 
20 ~25 days to achieve a 10 fold increase in cell numbers. Acclimation period of this length for 
development of SRB communities is generally observed (Gu et al. 1999). The densities of bacteria 
show relatively large variations among different treatments, possibly related with the two 
independent additions of gypsum. Densities of bacteria generally increase during the ~25 day 
acclimation period, and started to decrease probably owing to the depletion of carbohydrates and 





Figure 2-5 Abundance of SRBs per mL of slurry sample in selected microcosms based on qPCR 
measurements 
 
2.3.3 As and PO4 removal 
 Arsenic was effectively removed from solution in all four SRB modified ZVI microcosms. 




was reduced to ~0.23 mg/L of As within the first 20 days of the incubation (Figure 2-6). The PO4 
was also rapidly removed from solution and the concentration dropped to ~0.15 mg/L of P-PO4 by 
day 20. However, there were small fluctuations of both dissolved As and PO4. A small portion of 
As (~2% of total As spike) resolubilized after day 25, leading to ~650 µg/L As in solution. Part of 
the released As was sequestered again by day 50, and the As in solution was <30 µg/L for T3 and 
T6 and to <125 µg/L for T4 and T7, respectively. Evolution of PO4 followed a similar pattern. 
10% of retained P-PO4 (~2200 µg/L) released back into the solution after day 25, and was 
sequestered again by day 43 to ~130 µg/L in solution. A total of ~174 mg of As were retained by 





Figure 2-6 Total dissolved As and P-PO4 in microcosm T3, T4, T6 and T7 during the first stage 
of incubation 
 
The SRB modified ZVI generally showed great potential in its capacity to remove both 
arsenite and arsenate species. After the 2nd As spike on day 80, in T3 and T6 which received only 
As at the 1st spike, dissolved As dropped from over 20 mg/L to 2.5~3 mg/L (85% ~ 87.5% wt/wt) 




from over 20 mg/L to 5.3~5.4 mg/L (~73.5% wt/wt) 50 days after the 2nd spike. Part of retained 
PO4 appeared released back into solution after the 2nd As spike in both T4 and T7, measured 
around 1.8 mg/L 50 days after the 2nd spike, compared to ~130 µg/L of P-PO4 before the spike.  
 
 
Figure 2-7 As and P- PO4 concentrations in microcosm T3, T4 and T6, T7 before and after the 





2.4.1 As sequestration in the SRB modified ZVI microcosms 
Similar to the sequestration of As and PO4 merely using ZVI, in our SRB and gypsum 
modified microcosms both contaminants were rapidly removed from the solution with a high 
efficiency. Over 98% of the total As concentrations in all four SRB pertaining treatments 
diminished within the first 20 days and no significant release of dissolved As was observed 
throughout the incubation. From our discussion of the SRB-ZVI system, formations of Fe 
(oxy)hydroxides is expected as a fast product and iron sulfides is more expected after the 
stabilization of sulfate reduction. While both As and PO4 could potentially be sorbed by the Fe 
(oxy)hydroxides, As could also be sorbed or (co)precipitate by iron sulfide. The evolution of As 
in T3 and T6 without PO4 has very similar trend to the As evolution in T4 and T7, suggesting that 
sorption onto the Fe (oxy)hydroxides still plays an important role in the SRB modified ZVI system.  
Despite the efficiency, there were fluctuations of both As and PO4. Around 2~5% of total 
As was resolubilized to solution after day 20 and then half of the released amount was sequestered 
again by day 50. Phosphate behaved similarly but with a larger partition of bounce (~10%). One 
plausible explanation of this transient increase of dissolved PO4 and As was desorption from Fe 
(oxy)hydroxides, which could be reductively dissolved by HS- as a byproduct of sulfate reduction 
at shifted pH and Eh conditions. The lowest total dissolved As measured were around 200 µg/L at 
day 20. And the subsequent decrease of both species after day 40 could be resorbed onto fresh 




metastable species such as thioasenite for transient time is also possible, as is observed in 
laboratory studies (Keimowitz et al. 2007) and predicted by several models (O'Day et al. 2004, 
Keimowitz et al. 2007) While extensive amorphous FeS were observed by SEM (Section 3.3.3), 
the potential pathway of As with sulfide is not pronounced directly within the first 50 days of 
incubation, probably be obscured by the prevailing sorption effect.  
During the 2nd spike of arsenic, the SRB modified ZVI showed great potential in its 
capacity to remove both arsenite and arsenate. T3 and T6 which received only As at the 1st spike 
has lower levels of dissolved As ( 2.5 ~3 mg/L) than T4 and T7 (~5.4 mg/L), which had the 1st 
spike of both As and P, all starting from over 20 mg/L 50 days after the spike. The difference of 
leftover dissolved total As between the two spikes and four microcosms thus came more from 
whether the 1st spike contains PO4 than the species of arsenic (arsenite or arsenate) spiked during 
the 2nd spike. It is particularly interesting to compare the PO4 levels after the 2nd As spike. In T4 
and T7, PO4 partially desorbed in both microcosms, measured to around 1.8 mg/L 50 days after 
the 2nd spike comparing with before at ~130 µg/L. The release of PO4 was probably due to the 
minimal contact with air during the 2nd As spike and thus little fresh formed Fe (oxy)hydroxides. 
The results also implied sequestration of phosphate through adsorption onto iron corrosion 
minerals from corrosion had largely saturated its capacity through this mechanism. While it is 
generally assumed phosphate has a higher affinity to the adsorption sites of Fe (oxy)hydroxides 
than arsenic (Smedley and Kinniburgh 2002), after the saturation of the adsorption capacity, it is 
tempting to think the ~73.5% of re-spiked As species been sequester during the 2nd spike might 




decrease of dissolved Fe levels at the SRB modified microcosm also points to the correlation of 
As with relatively insoluble sulfide precipitates (e.g., FeS, Ksp = 6.3×10-18) as the prominence 
process at the late stage of the incubation.  
Compared to pure metal oxide based systems which sequester As species mainly through 
adsorption, As in the SRB altered ZVI incubator could be retained through either adsorption with 
Fe corrosion products or associated with formations with sulfide. The additional pathway with 
sulfide will alleviate the potential desorption of As from the reduction dissolution of Fe 
(oxy)hydroxides when conditions shifted to anaerobic which is common in most underground or 
engineering infrastructures. As is widely observed, either been adsorbed onto metal sulfides, or to 
co-precipitate with Fe sulfide minerals, retention of As with sulfide appears stable and relatively 
irreversible (Bostick and Fendorf 2003). The combination of two As removal pathway also 
alleviate the risk of mere As adsorption or precipitate with sulfide iron when a reducing system is 
exposed to air. Release of oxidized As species after sulfide oxidation may be back captured by 
adsorption onto oxidized iron corrosion products. The dual As removal processes would function 
under different water chemistry and is thus less labile for long term operation. The competition 
from common anions in water systems such as PO4 could also be expected to mitigate through 
introduction of the sulfide pathway into the ZVI system.  
Pure ZVI system generally has similar concerns of redox to the pure metal oxide system 
either been used as filling of PRB or been injected underground to treat contaminant in situ. 




operation. The formation of adsorptive oxides or hydroxides were thus limited in kinetics or 
magnitude. The introduction of SRB to the ZVI system could potentially impact the corrosion rates 
of ZVI in a positive way even under anaerobic conditions, which may alleviate the clogging or 
retarding of constructed ZVI materials. This will be further discussed in the next few paragraphs. 
The maintaining of this dual way As sequester is relatively more straightforward compared to the 
periodical and costly replenish/ regeneration of adsorbent metal oxides or ZVI injections. As long 
as bio-mediated sulfate reduction is sustained with proper amendment of organic substrate and 
sulfate, ZVI will gradually corrode under even anaerobic condition, extensively expended the 
longevity and capacity of the adsorption based As removal system. 
2.4.2 Cultivation of SRBs within the microcosm 
Tracking of biochemical parameters largely demonstrated it is feasible to imitate the bio-
reduction of sulfate within the ZVI microcosms, where SRBs could proliferate fast enough with 
proper amendments of carbohydrate and sulfate. These results are consistent with the observation 
that SRBs are ubiquitously found in natural anaerobic environments rich in sulfate. Compared with 
the corrosion of iron in sterile conditions, bacteria induced reduction of sulfate tends to affect the 
conditions at the microcosm from a couple of different aspects.  
Along with the development of SRB population, the redox potentials in the pertaining 
microcosms were gradually lowered to anaerobic. Different from the smooth decline of redox 
potential in the abiotic microcosm T8, microcosms with SRBs generally had their Eh levels 




-250 mV. This quick drop appears more related to the accumulated sulfide products within the 
initial SRB inoculations added preceding of the microcosm incubation, since the metabolism of 
SRBs might not be fully developed by that time. The subsequent fluctuations of redox potential 
could be attributed to the occasional ingress of oxygen at sampling events, the activities of thriving 
SRBs which largely consume oxygen, and the consumption from abiotic iron corrosion. The 
plateau phase between -100 mV and -150 mV lasted around one week and after that Eh declined 
again to well below -250 mV, implying the activities of SRBs started to boom after day 15. The 
dose of carbohydrates appears negatively correlated with Eh, which is expected since larger dose 
of organic substrates generally gave rise to more vigorous activity of bacteria, and fermentation of 
more substrates could also consume more oxygen. This impact of different carbohydrates levels 
were better pronounced after the plateau phase of redox potential. As obligatory anaerobes 
(generally require Eh < -100 mV), SRB may survive but not actively grow even when exposed to 
oxygen. The current ZVI system under study would thus provide a decent habitat to SRBs with 
amendments of sulfate and carbohydrates. 
The impact of SRB activities onto the pH at the microcosm is complicated by the abiotic 
corrosion of ZVI. The pH in the control T7 reflected the buffer from abiotic corrosion of ZVI: The 
initial rapid increase of pH to above 8 is as expected since aerobic corrosion of ZVI would generate 
alkalinities as hydroxides (Eq1 below). This concomitant increase in pH would potentially enhance 
any precipitation of Fe (oxy)hydroxides. Without the sulfate reduction to complex with dissolved 




equilibrium of the subsequent anaerobic corrosion of ZVI and the formation of various Fe 
(oxy)hydroxides.  
2𝐹𝐹𝐹𝐹0 + 𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 → 2𝐹𝐹𝐹𝐹2+ + 4𝑂𝑂𝐻𝐻− (Eq 1) 
𝐹𝐹𝐹𝐹0 + 2𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹2+ + 𝐻𝐻2 + 2𝑂𝑂𝐻𝐻− (Eq 2 ) 
2𝐶𝐶𝐻𝐻2𝑂𝑂 + 𝑆𝑆𝑂𝑂42− → 𝑆𝑆2− + 2𝐶𝐶𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 (Eq 3)  
𝑆𝑆2− + 2𝐶𝐶𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 → 𝐻𝐻2𝑆𝑆 + 2𝐻𝐻𝐶𝐶𝑂𝑂3− (Eq 4)  
Taking account of the impact of abiotic corrosion of ZVI, the fluctuations of pH in the SRB 
pertaining microcosms could be speculated. The initial mild drop of pH to below 6.5 is probably 
obscured by the alkalinities generated by the corrosion of ZVI, and the drop is probably due to the 
dissociation of carbohydrates. Besides this lowered starting line, the subsequent smooth increase 
of pH contrasted with the gentle decrease at the abiotic microcosm T8, implying the bio-reduction 
of sulfate could impact the aerobic corrosion of ZVI, and different corrosion products might be 
precipitated compared with situations under sterile environments. The observed result is thus due 
to complex equilibrium of several processes. Anaerobic corrosion of ZVI and the sulfate reduction 
process would generate alkalinities as hydroxide or carbonate (Eq 2~4 above). During the 
microbial sulfate reduction, multiple organic acids is expected, as well as dissolved and 
intermediate sulfide products, which would hydrolyze and increase the pH level of this 
sophisticated system (Muyzer and Stams 2008). As an important factor impacting several vital 
metabolic processes of SRBs, either too high or too low levels of pH would potentially suppress 




at a wide pH range between 5.5 and 9.0, they obtained best sulfate reducing ability at pH range 
around 6.5-7.5 and maximum sulfate reducing rates at pH 6.6 (Muyzer and Stams 2008). The pH 
conditions at the SRB pertaining ZVI microcosms ranged from 6.27 to 7.30 throughout the 
incubation, which coincides with the best sulfate reducing pH range.  
Starting from saturating level, the sulfate was removed progressively from the solution, 
primarily as a result of SRB mediated sulfate reducing process. For this bio-induced process, 
sulfate reduction rate is commonly used to indicate the reactivity of the bacterial community. For 
this batch incubation, sulfate removal rates were used to approximate sulfate reduction rates 
(Waybrant, Ptacek and Blowes 2002). Despite the many processes like the adsorption/ 
precipitation of sulfate as sulfate green rust and the initial acclimation of inoculated bacteria could 
greatly complicated the calculated sulfate reduction rates, sulfate removal rates were considered 
approximate to sulfate reduction rates under closed, anaerobic conditions. The overall sulfate 
removal rates were calculated using the least square linear regression method based upon SO4 
concentrations in the solution (Table 2-2). Both overall and stepwise sulfate removal rates were 
corrected by values of abiotic microcosm T8. In microcosms with high doses of organic subtracts 
and SRB containing sludge, the sulfate removal rates readily increased after the acclimation stage 
of ~15 days, and maximized by day 20 ~37 in different microcosms. The subsequent decline in 
sulfate removal rates might be due to the depletion of the carbohydrates and sulfate. The overall 
calculated sulfate removal rates at microcosms with the same dose of ZVI and carbohydrates are 
consistent with one another at ~0.36 mmol of SO4 L-1 day-1, regardless of the spikes of As and PO4. 




suggested that the activities of bacteria was limited by the depletion of organic sources after day 
25. T10 without ZVI had lower sulfate removal rates compared to ZVI bearing microcosms. The 
enhanced SRB activities with ZVI might be related to consumption of hydrogen sulfide by the 
ferrous iron through the anoxic corrosion process of ZVI, consistent with the typical odor of 




Table 2-2 Calculated Sulfate Removal Rates during the 1st stage of incubation in microcosm T1~ T10, except for T8 (abiotic). 
Calculated Sulfate Removal Rates for microcosms mmol L-1 day-1 
Microcosms T1, T5 T2 T3,T6 T4,T7 T9 T10 
Amendments ZVI 
ZVI ( Low 
Nutrients) ZVI, As ZVI, As, PO4 ZVI, Biocide 
SRB, No 
ZVI 
Day 1-7 0.42 0.13 0.04 0.19 0.24 0.27 
Day 8-15 0.09 0.00 -0.08 0.21 0.00 0.10 
Day 15-20 0.88 -0.49 0.38 0.25 0.00 0.10 
Day 20-25 0.36 0.63 1.11 0.72 0.00 0.17 
Day 26-37 0.22 -0.02 0.17 0.73 0.01 0.43 
Day 37-49 0.29 N 0.17 0.10 0.02 0.00 
Overall a 0.38 0.10 0.32 0.37 0.05 0.21 
n 7 6 7 7 6 7 
r2 0.97 0.91 0.93 0.95 0.24 0.92 
a Overall Sulfate-removal rates were calculated using least square regression analysis. Also included are the number of 






The evolution of pyruvate and lactates demonstrated that both carbohydrates could be 
metabolized by the SRB groups used in this incubation. The pyruvates generally depleted within 
the first 3 days before significant decrease of lactate, and the latter generally showed depletion by 
day 15 with a higher initial dose at SRB pertaining microcosms. The SRB groups employed in this 
incubation appeared to have a higher affinity to pyruvate than lactate. It has been suggested that 
many Desulfovibrio and Desulfomicrobium species could degrade pyruvate to acetate, carbon 
dioxide and hydrogen as products. And they are also able to ferment lactate to acetate if the 
hydrogen could be effectively removed by the bacteria (Muyzer and Stams 2008). In the current 
incubation, both organic substrates were depleted by day 15 in SRB pertaining microcosms while 
sulfate kept being removed after that with an even higher rates. It would thus tempting to speculate 
that this peculiar SRB group employed in this incubation might be hydrogen-utilizing sulfate 
reducers. According to the classical cathodic depolarization theory by(von Wolzogen Kuhr and 
van der Vlugt (1934), the microbial uptake of cathodic H2 would profoundly affect iron corrosion 
rates, which would be discussed later.  
After cross comparing the several parameters relevant to the metabolism of SRBs, our 
results explicitly demonstrated that the anaerobic niche of corroding ZVI could sever as a decent 
habitat to proliferate SRBs, with the anaerobic condition mainly controlled by the fermentation of 
organic subtracts and the pH mainly buffered by both iron corrosion and sulfide generations. This 
microbial mediated SO4 reduction could be well stimulated at a rate fast enough with proper 
amendments of organic compounds and a source of sulfate. However, an initial acclimation stage 




multiplication of bacterial cell numbers (Figure 2-8). No evidences of suppression or inhibition of 
SRB metabolic activities were observed in cases of generated sulfide, or high iron, calcium and 
arsenic concentrations in the relevant microcosms.  
2.4.3 Corrosion of ZVI in the presence of SRBs. 
Trends of dissolved total Fe levels are principally accordant among the SRB pertaining 
ZVI microcosms. However, the Fe evolution in the abiotic control T8 shows fundamentally 
difference from those with SRBs, implying the metabolism of SRBs has been implicated in the 
corrosion of ZVI. The constant increase of dissolved Fe level in T8 suggested ZVI kept corroding 
within the anaerobic condition, and the corrosion rate suppressed the precipitation rates of Fe 
(oxy)hydroxides. The kinetically limiting effects is not directly observed from the lasting corrosion 





Figure 2-8 Evolution of biochemical conditions and retention of Arsenic during the 1st stage of 





Owing to the multiple reactions that would precipitate dissolved, it is inevitably difficult 
to compare the corrosion rate at T8 to the rates at the SRB pertaining microcosms. In the initial 
couple of days during the incubation (1st 10 days), one observation is the dissolved Fe increased 
in a much faster rates at the SRB pertaining microcosms than at T8. Even T2 with a lower dose of 
carbohydrates and potentially lower activities of SRBs had its dissolved Fe levels increased at a 
faster rate over T8. It is thus tempting to assume the actually corrosion of Fe is accelerated by 
activities of SRBs at least at the initial stage of the microcosm incubation.  
This acceleration of corrosion rates could be explained by the microbial scavenging of 
cathodic hydrogen (von Wolzogen Kuhr and van der Vlugt 1934). Emerging theories also try to 
explain the observed acceleration as results of corrosion effects of biogenic H2S and catalytically 
active iron sulfides (Enning and Garrelfs 2014). While the rapid reaction of H2S with ZVI could 
potentially stimulate the anodic part to be faster, the product FeS is disputable for its impact on 
iron corrosion rates and might have dual roles. Most SRB species can impact Fe corrosion through 
excretion of hydrogen sulfide as is smelled in the current microcosm incubation, some highly 
corrosive SRB isolate is even able to evade the cathodic H2S intermediate and get electron directly 
from metallic Fe (Dinh et al. 2004). Although no specific speculation could be made according to 
the respective processes on corrosion rate control owing to the non-lithographic setting of the 
current microcosm and the mixed source of SRBs, it is largely reflected the activities of SRB in 
general accelerate the anaerobic corrosion rate of Fe instead of decelerate the eletrochemical 
process of corrosion. The initial trends thus shed a light on the corrosion process at the subsequent 




detection limit after day 25, it is not necessarily a result of limited corrosion of ZVI. The dissolved 
Fe could be consumed by other precipitation processes. A closer look at the conditions in the 
microcosm implies a shift of prevailing processes between day 10 and day 20 (Figure 2-8). The 
conditions at the initial stage contrasted with the subsequent late stages, when inoculated SRBs 
thrived after the acclimation stage of ~15 days and potentially generate substantial sulfide. Also, 
thinking about the extensive formation of iron sulfide from characterization of post incubation 
solid corrosion products (Section 3.3.3), one plausible explanation is the intricate system shifted 
from iron rich to sulfide rich after the establishment of active microbial sulfate reduction. 
Formation of iron sulfide thus played a key role which accelerated the anaerobic corrosions of ZVI.  
2.5 Conclusions 
Results from our SRB and gypsum modified ZVI microcosm demonstrates that arsenite 
can be effectively sequestrated by ZVI when microbial SO4 reduction is stimulated. In the presence 
of ZVI, sulfate reduction to sulfide can be replicated at a rate fast enough when sufficient 
carbohydrates and sulfate were supplied. After the initial acclimation stage of SRBs, the corrosion 
of ZVI generates dissolved Fe and consumes sulfide, which removes both As and phosphate from 
the solution. Our results indicate that besides being sorbed or precipitated with Fe (oxy)hydroxides, 
significant amount of As could be sequestered by sulfide minerals in the SRB modified ZVI 
system. The findings also suggested that within enclosed ZVI facilities, As sequestered through 
sorption onto Fe (oxy)hydroxides may be significant before the establishment of stable bacterial 




under the reducing environment. Sequestration of As through sulfides could be promoted as a more 
robust and efficient way under reducing conditions, with relatively little effects from competing 
anions such as phosphate. With enhanced understanding and improve control of the system, the 
SRB modified ZVI system could be well adjusted and applied specifically to alleviate heavy metal 
contamination at multiple natural or engineered aquatic environments such as sulfate contaminated 
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In this study a bench scale incubation was conducted to examine removal of arsenic (As) 
by Zero-valent Iron (ZVI) in presence of gypsum and organic substrates. Microcosms were studied 
through time series samples for 50 days at room temperature and then kept in closed 1-L glass 
bottles for additional 80 days. We found 98% of dissolved As was removed within 20 days and 
concurrent removal of sulfate from solution. Mineralogy analysis found formation of iron sulfide 
and FTIR analysis indicates As is in conjunction with pyrite at 0.2 ~ 0.6 wt-wt %. The main iron 
corrosion was found as ferrihydrite with traces of lepidocrocite. Sequential leaching results show 
38% of As may be mobilized by competitive anion exchange with phosphate, the part of which is 
associated with mixed amorphous phases. More than half of As is with crystalized ferric 
(oxy)hydroxides and ~10% of As is associated with crystallized sulfide phases. The structurally 
incorporated As is totally immobilized and not liable to release. Our findings indicate that the 
gypsum modified ZVI can effectively immobilize As, probably through different pathways. The 
fast adsorption onto Fe (oxy)hydroxides and the As conjunct with precipitated mackinawite and 
eventually pyrite at more reduced condition could corporate in the same ZVI system, and minimize 






Elevated levels of arsenic (As), a toxic and carcinogenic metalloid, is often found in 
drinking water, soils, sediments and waste or ground waters systems due to anthropogenic and 
natural processes (Smedley and Kinniburgh 2002). Millions of people are chronically exposed to 
detrimental levels of As from contaminated drinking water and As poisoning has been reported in 
Bangladesh, India, Argentina, Taiwan, Mexico as well as in the United States (Dhar 1997, 
RoyáChowdhury 1995, Borgoño et al. 1977, Chen et al. 1994, Del Razo et al. 1990, Matisoff et al. 
1982, Nordstrom 2002, Boudette 1985, Welch et al. 2000). The widespread enrichment of As in 
water systems thus makes development of long-term reliable and cost-effective As removal 
technology of worldwide concern.  
Common strategies to sequester dissolved As in aqueous systems includes anion exchange, 
coagulation, disposable iron adsorbent, water softening, use of membranes and there are more 
emerging techniques (Choong et al. 2007, Mondal et al. 2006, Smedley and Kinniburgh 2002). 
Among the various candidates, the use of ZVI has gained considerable interests during the past 
two decades for being able to remove various inorganic and organic contaminants including As 
(Cantrell et al. 1995, Sayles et al. 1997, Puls et al. 1999, Song and Carraway 2005, Noubactep 
2010, Lo et al. 2007, Zhang et al. 2002). Many research have been done investigating the behaviors 
of As species retained by ZVI in both lab and field applications (Ludwig et al. 2009, Cheng et al. 
2005, Nikolaidis et al. 2005, Kanel et al. 2005, Kanel et al. 2006). Accordingly, strong adsorption 




with corrosion products of iron (e.g., ferrihydrite, goethite, lepidocrocite) were generally 
considered the two most important and effective processes to immobilize As species in aerobic 
conditions, coupled by complex reduction/oxidation reactions of As(III)/As(V), Fe species and 
water. Given the diversity of ZVI corrosion products and the various operating conditions, these 
processes could co-exist at different scales of the ZVI implementations, and questions then arise 
as to the long term fate of the sequestered As species and the longevity of the ZVI implement. 
Despite its good performances, the ZVI technology is also found limited for : 1) The efficiency of 
As removal by ZVI tends to be compromised by competitive adsorption of anions including silicate, 
bicarbonate, sulfate and especially phosphate (Jackson and Miller 2000, Su and Puls 2001a, Su 
and Puls 2003, Tyrovola et al. 2006, Fu et al. 2014); 2) The inherent shortcoming of ZVI lies in 
that cast iron subjected to corrosion tends to produce gas products such as hydrogen, hydrogen 
sulfide or dinitrogen. The subsequent authigenic mineral precipitation often leads to cementation 
and significantly lowers the permeability of ZVI filled permeable reactive barrier (PRB), which 
may result in hydraulic failure after long term of operation (Westerhoff and James 2003, Henderson 
and Demond 2007).  
Another important concern of Fe based As removal derives from the instability of Fe 
(oxy)hydroxides as common corrosion products of ZVI. It is widely observed that within anoxic 
(iron-reducing) environments, reductive dissolution of Fe (hydr)oxides and reduction of As(V) to 
As(III) could lead to progressive release of adsorbed As species, especially As(V) under anaerobic 
condition (Benner et al. 2002b, Pedersen et al. 2006, Wang et al. 2012, Fakih et al. 2009). The 




processes such as the reduction of As(V), Fe(III), and SO42–. (Benner et al. 2002b, Pedersen et al. 
2006, Dos Santos Afonso and Stumm 1992, Fakih et al. 2009, Chaillou et al. 2003, Wang et al. 
2012). However, with presence of sulfide, dissolved As levels were often observed lower in some 
iron rich reducing conditions such as aquifers and sediments (Kirk et al. 2004, Wilkin and Ford 
2006, Chaillou et al. 2003).(Masuda et al. (2005) found arsenic-bearing sulfides in deeper intertidal 
sediment and arsenic bearing Fe (oxy)hydroxides/oxides in shallower sediment. Similarly, X-ray 
absorption spectroscopy (XAS) and chemical leaching data showed As associated in principle with 
authigenic pyrite in deep borehole (~400 m) sediments, while in shallower sediments (20-100 m) 
As was associated with both pyrite and ferric (oxy)hydroxides (Lowers et al. 2007). 
 Many research have investigated the sequestration of As using iron or sulfides from 
different perspectives. Some previous research tried to use synthetic iron sulfide to investigate As 
sequestration. Arsenic was found to adsorbed strongly on both troilite and pyrite at pH levels 
higher than 5, possibly through the formation of inner sphere complexes (Bostick and Fendorf 
2003). Adsorption of arsenite and arsenate was reported with fast kinetics by FeS and mackinawite 
(Wolthers et al. 2005). Gallegos et al. (2008) also reported that mackinawite suspension can 
effectively lower As(III) levels at a pH range of 5 ~10. Synthetic FeS particles and FeS coating 
were widely investigated as a promising technique to remediate heavy metals including As (Gong 
et al. 2016).(Han et al. (2011) also reported 30% to 400% removal of arsenite by FeS coated sand.  
Despite the generally good efficiency of both Fe (oxy)hydroxides and different FeS on 




stimulated bacterial activities by lactate and sulfate found that As initially bound to the ferric 
(hydr)oxide could be mobilized (Kocar et al. 2010). According to their observations although 
dissolved Fe is prone to precipitate with biogenic sulfide as insoluble Fe sulfide like pyrite and 
mackinawite, As was found only associated weakly with FeS in anoxic conditions. Burton et al. 
(2011) made similar observations in their SRB inoculated columns study using As(III)-bearing 
ferrihydrite-coated quartz. Replacement of ferrihydrite by mackinawite, and substantial 
mobilization of As was found and the fate of the mobilized As was found impacted by pH levels. 
A similar study done by Kirk et al. (2010) using synthetic goethite in anaerobic semi-flow reactor 
found As could be immobilized by pyrite and mackinawite. Arsenic sulfide was however not 
observed probably due to the slow rate of precipitation.  
The close correlations of As with Fe and sulfide potentially resurrect the traditional ZVI 
technology, and make it an effective candidate on remediation of heavy metals including As via 
collaborating with sulfide. Under circumntral pH when microbial sulfate reduction and 
degradation of organic substrate gradually consumed dissolved oxygen and the system turns 
anaerobic, the As could either be sequestered from the solution through adsorption with Fe 
(oxy)hydroxides in aerobic conditions, or As could associate with As/Fe sulfides minerals. The 
pathway to sequester As by ZVI with biogenic sulfide would potentially alleviate release of As 
with reductive dissolution of Fe (oxy)hydroxide in shift of redox situations. The competition from 
other anions such as phosphate, and silicate with As species could also benefit from association of 




While some lab incubations investigate As precipitate with sulfate reducing bacteria (SRB) 
and dissolved Fe substrate (Teclu et al. 2008, Kirk et al. 2010), very few laboratory studies have 
combined the use of both ZVI and biogenic sulfide for removal of As. Köber et al. (2005a) once 
leached As contaminated sediment using sequential columns filled with ZVI and gypsum. 
Dissolved As was found in their outflow at low levels regardless of formation of sulfide. Questions 
related to the formation of different Fe (oxy)hydroxides, and the sulfidization of Fe mineral under 
reducing ZVI system have not been fully addressed. The fate of As associated with the variety of 
Fe minerals formed at different stages is also inadequately understood.  
Our research investigated arsenite sequestration by granular ZVI with stimulated 
production of biogenic sulfide starting directly from gypsum. The all-in-one-place setting would 
allow an observation of the gradual corrosion of ZVI in the presence of bacteria and the retention 
of As within the biogenic sulfide modified ZVI system. Post incubation solids would be analyzed 
for partition of As with different mineral phases to further understand the relative importance of 
As sequestered through different processes.  
3.2 Materials and Methods 
3.2.1 Microcosm setup  
Ten microcosm treatments (abbreviating T1~T10) were set up using 1 liter clear glass 




• 10 grams of prewashed white quartz sand (50-70 mesh) dispersed into 750 ml of ultra-pure 
water (18.2 MΩ·cm at 25 °C) 
• 3 grams of gypsum powder, 50~200 μm ground as commercial Calcium Sulfate Dehydrate 
(Fisher scientific), were added to all 10 microcosms on day 0. 
• 20 grams of granular Fe0 filing as commercial ZVI powder (99.9%, Fisher) metal basis, 
MW 55.84 g/mol, particle size 4.0 ~ 2.0 mm  
• ~40 grams of SRB pertaining sludge slurry (ingredients given later) of about 40 ml, 
obtained from urban street side runoff catch basins 
• 1.4 grams of lactate (60% w/w) as C3H5NaO3 (60% w/w syrup, Fisher), ~20 mM  
• 0.825 grams of pyruvate as C3H3O3Na (Sigma), ~10 mM 
• 3ml of Resazurin (0.025%) as an indicator of redox conditions , ~1 mg/L 
The different materials were mixed in the microcosm bottles, and the pH levels of all 
microcosms were adjusted to ~ 7 at the initiation of incubation, and pH was not controlled 
thereafter. The microcosm bottles were cap sealed and deployed on the lab bench at ambient 
temperature and shacked vigorously twice a day. All ten microcosms generally have ~795 ml of 
suspension with a head space of ~200 ml of air. The setup of microcosms follows the outline 
reported in Table 3-1. : Briefly, only the microcosms T3, T4, T6 and T7 received 20 mg/L of 
As(III) as NaAsO2 (Sigma) on day 0. Microcosm T4 and T6 also received phosphate as KH2PO4 
at 25 mg/L of P-PO4 besides As. The rest of microcosms are different controls without As (Table 




pyruvate at 1/5 dose of other microcosms, and T8 is the microcosm without SRB pertaining sludge 
(add equivalent amount of DI water to compensate volume). The last two microcosms were 
constructed in the same condition as T1 and T5, but T9 was a control with a specific biocide of 
molybdate as (NH4)6Mo7O24·4H2O to inhibit the activity of SRB (Nair et al. 2015), and T10 were 
obtained without ZVI.  
3.2.2 Incubation and sampling scheme  
The whole incubation process of 130 days at room temperature (18-22°C) could be roughly 
divided into two stages according to independent spikes of arsenic:  
• Stage 1 ran from after initiation to day 50. During this stage fluid and slurry samples were 
taken in close intervals and time serial analysis of water chemistry were performed. 
Specifically, 5 ml aliquots of slurry samples were periodically removed from supernatant 
on day 1, 3, 7, 10, 15, 20, 25, 31, 37, 43, 50 after shake. A 1ml sub-portion of the 
supernatant was diluted 10 times and acidified to 1% nitric acid (Optima grade) for analysis 
of cations immediately after sampling and centrifuge. The rest of the supernatant sample 
was preserved and analyzed for anions. At each sampling events, the pH was measured 
with pH and Eh were measured in situ with pH and Eh meters (Fisher Education).  
• Stage 2 ran from after day 50 to day 130. On day 80 four As pertaining microcosms (namely 
T3, T4, T6, and T7) were re-spiked with either As(III) or As(V) species back to ~20 mg/L 




and left undisturbed for 50 additional days (until day 130) to minimize the exposure to 
oxygen. Besides spikes of arsenic, on day 53 exactly 1.5 grams of gypsums was replenished 
at the 1st time to all the microcosms to sustain activities of SRBs; on day 80 two grams of 
gypsum was replenished at the 2nd time for the same reason. After the termination of the 
130 day incubation, a filtration was carried out to separate the supernatant and the solid 
phase for each microcosm. Centrifuged supernatant samples was diluted 10 times and 
acidified to 1% nitric acid (Optima grade) for analysis of cations. Solid samples were freeze 
dried at 0.12 mbar for 48 hours using a 2.5 L freeze-drier (Labconco) with multiple sample 
attachment ports right after the process of filtration. Solid samples were weighed before 




Table 3-1 Characteristics of the microcosms with ZVI, gypsum, sand, sludge, and differently added As and PO4, mixed and 








3.2.3 Sequential extraction scheme 
The freeze-dried samples of microcosm T3, T4, T5, T6 and T7 were gently ground and 
homogenized using pestle before been used for subsequent chemical extraction. The sequential 
extraction procedure (SEP) was modified from literature (Keon et al. 2001, Onstott et al. 2011). 
The extraction assays, the target phases of extraction and the schemed mechanisms for each step 
were listed in Table 3-2. All extraction steps were done in triplicate with soil/extractant volume 
ratios of at least 1:30 to ensure the extractant did not get exhausted. The level of total dissolved 




Table 3-2 Sequential Extraction Procedure for post incubation solids 
Steps Extractant Conditions Target phases Possible Mechanisms 
Diss. 1M NH4Ac 1h, one repetition + one water wash Loosely sorbed As 
Dissolved As, also 
remove residual  and 
HCO3 
PO4 1M KH2PO4 
PH5, 16h and 24h. One 
repetition for one time 
duration + two water wash 
As sorbed onto 
Fe(oxy)hydroxides and 
sulfides 
Anion exchange of PO4 
for AsO4 and AsO3 
HCl 1.2M HCl 2h, one repetition + one water wash 
As associated with 
carbonate, acid volatile 




carbonate, acid volatile 
and amorphous sulfide 
Oxalate 0.2 M ammonium oxalate 
PH3, 2h in dark (wrapped 
in Al foil). One repetition+ 
one water wash 
As incorporated in 
amorphous Fe and Al 
(oxy)hydroxides 
Ligand promoted 





in 25% v/v acetic 
acid 
2h, 95±5°C in a water bath. 
One repetition + one water 
wash 






HNO3 16N HNO3 2h, two repetition + two water wash 
As co-precipitated with 
pyrite and amorphous 
As2S3 




16 N HNO3 + 30% 
H2O2 following EPA 
method 3050B 
2h, 95±5°C in a water bath. 
One repetition + one water 
wash 
Crystalline As sulfide 
such as orpiment and 
remaining recalcitrant As 
minerals 
Stronger oxidation of 







3.2.4 Solid-phase mineralogy and chemical characterization 
Freeze-dried samples were first passed through a 53 micron sieve, rinsed with deionized 
water and dried prior to mineralogical analysis. Selected samples were examined using a Hitachi 
TM-1000 tabletop scanning electron microscope (SEM) at 15.0 kV with Swift ED-TM Energy 
Dispersive Spectroscopy (EDS) system. Fourier Transformed Infrared (FTIR) spectroscopy was 
performed using 64 scans collected in the range of 4000 to 200 cm-1 at a resolution of 1 cm-1, with 
16 scans of background using a Nicolet 6700 FTIR. About 3 mg of solid samples were mixed with 
200 mg of spectral grade KBr, gently grounded in an agate mortar and pressed at 10 ton/cm-1 in 
order to obtain a uniform pellet. About 200 mg of solid samples were then gently ground in an 
agate mortar and pressed in a circular hole (diameter of 10 mm) against unglazed white paper, to 
avoid undesired particle orientation. Diffuse reflectance measurements were obtained by using a 
Jasco 560 UV-visible spectrophotometer, equipped with an integrating sphere, each spectrum was 
made up of 1151 wavelengths, from 200 to 2500 nm. Data acquisition was carried out by means 
of the Jasco software (Model VWTS-581 version 2.00A) transformed in Kubel-Munk and 2-
derivative spectra following the method proposed by(Torrent and Barrón (1993). 
3.2.5 Analytical methods 
Aqueous As concentration and cations (Fe, Ca, Mn) were analyzed from centrifuged and 
acidified slurry samples using ICP-MS using an Inductively Coupled Plasma Mass Spectrometer 




2004). Anions including Cl-, NO3-, PO43- , SO42-, lactate and pyruvate were analyzed with 
unacidified samples on a Dionex DX-100 Ion Chromatography (IC) with a 2×50mm IonPac AG11 
guard column and a 2×250mm IonPac AS-11 analytical column following EPA Method 300.0 for 
anions and Dionex application note 123 for organic acids. . 
3.3 Results and Discussion 
3.3.1 Fe Corrosion with Stimulated sulfate reduction  
During the 1st stage of incubation, statistical analysis for paired time series samples 
indicated no significant differences at the 95% confidence level between duplicate microcosms 
(T1 VS T5, T3 VS T6, and T4 VS T7). Therefore, the averaged values of duplicate microcosms 
were used in the following discussion to reduce redundancy.  
Microcosm sample T1/T5 (no As), T3/T6 (+ As(III)) and T4/T7 (+As(III), + P) show quick 
increases of [Fe] up to 55 mg/L within the first 10 days (Figure 3-1), contrast to sample T8 and 
T9 (+ SRB, + molybdate). It is interesting to observe that the soluble iron is totally absent after 25 
days except for T8 and T9, indicating an intense precipitations between day 10 and day 25. 
AbioticT8 was the unique microcosm with constant rate of increasing [Fe].  
Some distinct differences were apparent considering the potential redox behavior at the 
microcosm, particularly in T4, T9, T10. Eh dropped rapidly at the initial stage (2-3 days after 




maintained thereafter. The substantial stability of the pH throughout 50 days of reaction could be 
attributed to equilibrium of several processes. The corrosion of ZVI without bacteria is reflected 
by the sterile microcosm of T8 (no As, no SRB), in which the pH increased abruptly in the first 
few days and then slowly decreased back throughout the experiment (Figure 3-1). The initial 
increase of pH could be attributed to the OH− generated during the aerobic and anaerobic corrosion 
of ZVI. While the subsequent drop resulted from the slow equilibrium between corrosion of ZVI 
and the precipitation of various Fe (oxy)hydroxides as well as carbonates. During the corrosion of 
ZVI, oxidation of Fe0 to Fe2+ would lead to the increase of pH due to the consumption of H+ and 
generation of OH−. With increased levels of Fe2+ and OH−, the precipitation of Fe(OH)2 or Fe(OH)3 
occurs with production of H2.  
Microcosms with bacteria (T1, T3, T4 and duplicates) showed some degree of pH buffering 
and contrasted with that of T8. The initial slight drop of pH to below 6.5 is probably due to the 
syntrophic oxidation of organic acids where SRB acts as a hydrogen consumer (Muyzer and Stams 
2008). During the microbial sulfate reduction, multiple organic acids are expected, as well as 
dissolved and intermediate sulfide products, which would hydrolyze and increase the pH level of 
this sophisticated system. On the contrary to subsequent decrease of pH at T8 after the first week, 
pH increased smoothly in microcosms with bacteria, implying the reduction of sulfate could 
impact the corrosion of ZVI, and different corrosion products might be precipitated compared with 










3.3.2 As immobilization in presence of sulfate, Ca and PO4 
In ZVI water treatment systems, the immobilization mechanisms of As are generally 
believed to involve the sorption of As(III) onto the surface of iron where electron transfer takes 
place. Subsequently, As(III) is reduced together with sulfate into As0 and S2-, accomplished with 
the oxidation of Fe0 to Fe2+ or Fe3+ (Wan et al. 2011). Dissolved sulfate shows similar dissolution 
trend for all microcosms including T8 and T9. The concentration of sulfate decreased rapidly after 
day 25 in T1, T3 and T4 and was kept below 3 mg/L after that. Dissolved Ca levels were constantly 
around 400 mg/L before day 25, and gradually decreased to 100~200 mg/L after that (Figure 3-2). 
The rapid reduction of pyruvate and lactate (supplementary data at Section 2.3.2) observed is 
coincident with the evolution of both Ca and sulfate levels, implying rapid and consistent gypsum 






Figure 3-2 Total dissolved Ca and sulfate during the 1st stage of incubation. 
The rate of As immobilization was slowed down after 15 days in theT3 / T6 and T4 / T7, 
and then with a temporary increase of As concentrations up to 0.69 ~ 0.98 mg/L towards day 50 
(Figure 3-3A). It is possible that As(V) ions were reduced in the surface of Fe0, since the more As 
ions approached Fe0, the more Fe0 would be oxidized and moved into solution as Fe3+ or Fe2+ 
during the first 10 days. After 25 days the total dissolved iron levels dropped with a more favorable 
process of precipitation of both As and Fe in their reduced forms. 
Sulfate didn't seem to inhibit As immobilization significantly. Although decreased sorption 




mainly attributed to sulfate charge transfer and competition with arsenate for adsorption sites 
(Tanboonchuy, Grisdanurak and Liao 2012), the effect of which could also be diminished at 
alkaline pH conditions. Sulfate could also enhance the reactivity of granular iron through removal 
of Fe (oxy)hydroxides from the surface of iron and compromise the passivated film (Bi, Bowen 
and Devlin 2009). The presence of Ca is thought to have dual roles on immobilization of As species. 
On one hand, Ca could favor the adsorption of arsenic species through formation of surface 
complex with Fe (oxy)hydroxides or affecting the electrostatic repulsions between As and Fe 
(oxy)hydroxides (Tanboonchuy et al. 2012). Meanwhile, presence of Ca2+ may result in formation 
of surface precipitates such as carbonate bearing minerals like aragonite, carbonate green rust, 
calcite or dolomite (see the SEM observation at Section 3.3.3.a:), which may passivate the surface 
adsorption by blocking the electron transfer. In the specific bacteria modified ZVI microcosm, it 
appears that immobilization of As by ZVI could be promoted in the presence of co-existing sulfate 
ions, while inhibited in the presence of co-existing Ca and Mg ions. 
Microcosm T4 / T7 which received both As and PO4 spikes generally have total dissolved 
As levels slightly higher than T3 / T6 that received only As at the beginning of the 1st stage of 
incubation. The rebound of phosphate concentrations at T4 / T7 before/after the 2nd spike of As 
also demonstrates the repulsion between PO4 and As species with respect to their attachment to 
the solids (Figure 3-3B). These observations are consistent with other studies demonstrating that 
phosphate competes with both As(V) or As(III) for adsorption sites (Manning and Goldberg 1996, 
Jain and Loeppert 2000). It is also interesting to observe that after day 25 total dissolved As levels 




(Figure 3-3A). This reversal of As comparison between T3 / T6 and T4 / T7 against the early stage 
pattern implies existence of another pathway for As retention besides been adsorbed onto surfaces 







Figure 3-3A Concentrations of total dissolved As and PO4 during the 1st stage of incubation, 




3.3.3 Mineralogical Characterization  
3.3.3.a: SEM-EDS results 
After the termination of the incubation experiment the solid phase from the As spiked 
microcosm T6 and T7 showed large amount of macro and micro crystalline minerals under the 
SEM ( Figure 3-4A, B, C). The SEM micrograph of both samples showed mainly a large particle 
of iron (Fig. 4A) together with flowery structures (appearing as thin plates) that was the typical 
morphology of gypsum. This structure shows several crystals with laminar or lenticular 
`morphologies of about 1~5 µm reunited in flowery cluster of 10 ~ 30 μm (Figure 3-4B and C). 
Typical hexagonal morphology of green rust (GR) was observed from samples of T7 (Figure 





Figure 3-4 SEM micrographs of solids from microcosm T6 (A, B and D) and T7 (C) after 
incubation upto 130 days. 
The corrosion of ZVI can be observed in a large particle of about 50-100 μm consisting 
totally (99.9 %) of Fe at SEM-EDS (Figure 3-4A). The SEM images of iron show the rough 
surfaces of particles were covered by small round shaped particles like precipitates. Similar 
characterizations of such surface morphology were found in corrosion products of metallic 
substrate like iron (Dinh et al. 2004) and in the precipitate of arsenic contaminated sediment with 
ferrous Fe under sulfate reducing conditions (Keon et al. 2001). The deposit like particles are 
probably Fe oxidate or (oxy)hydroxide precipitates generated through the rapid reaction when such 
metallic surface encountered reducing agent such as HS− and H2 or other reactive reducing anions 




accumulated mainly in the surface at different corrosion scales (about 1~ 100 μm), forming through 
particle precipitated during the iron reduction process.  
 
Figure 3-5. SEM micrographs of one spot from solid sample T7 after incubation of 130 days, 
with semi-quantitative EDS analysis and X-ray mapping of Fe, S, Al, Ca and S. All elements 
analyzed are normalized, and results are in weight %. 
In Figure 3-5 a weathered gypsum grain was observed by SEM with X ray mapping of 
different elements, and chemical compositions were identified by EDS. The flowery structures 
appear rough and partially dissolved, covered by a precipitate consisting of small grained 




and minor amount of Si, and Al (Figure 3-5). On the basis of the X-ray map it is possible to 
observe that Fe and S show similar spatial distributions in the small particle precipitate, while Ca 
is concentrated in the flowery structures. Other elements, including Na, Mg, K and P, were also 
present in the aggregate as impurity. Al and Si show similar spatial distribution probably as 
structural components of Si-Al minerals, probably phyllosilicates introduced from the slurry. 
In Figure 3-6 we find a typical tabular morphology of Ca-Mg-SO4 (probably dolomite as 
impurity of gypsum) from solid sample of T7, covered by precipitates consisting of small particles 
of Fe-S with irregular morphology. Elemental analysis by SEM and EDS showed contents of Ca, 





Figure 3-6. SEM micrographs of sample T7 after incubation of 130 days with semi-quantitative 
EDS analysis. 
Moving across the sample in Figure 3-6, EDS data shows that the large particles of about 
10 ~ 20 μm (Site 2 - Site 3) contain lower amount of Ca, and these large particles were covered by 
very small aggregate particles (1 ~ 2 μm, Site 4 – Site 5) consisting preferentially of Fe and S. In 
Figure 3-7 and Figure 3-8 from different spots of solid sample of T6, it is possible to observe that 
these small aggregates showed very similar Fe and S trends, while Na and Al showed a different 
chemical distribution in opposition to that of Fe, whereas Ca was mainly concentrated with Mg in 
different areas on the map. SEM X-ray mapping appears to confirm that in the surrounded small 
aggregate, Fe and S distributions exhibited similar patterns, opposite to that of Ca and Mg. The 
distribution of As appeared to follow that of Fe and S, indicating As is strongly associated with 




levels comparable with the typical levels of As sequestered by pyrite like minerals in natural 
environments (Welch et al. 2000). 
 
Figure 3-7 SEM micrographs from one spot of solid sample (T6) after incubation after 130 days, 






Figure 3-8 SEM micrographs from a 2nd spot of solid sample (T6) after incubation of 130 days, 
with semi-quantitative EDS analysis and X-ray mapping of Fe, S, Ca, Si and As. 
According to the EDS maps we found discretely precipitated grains, of which the Fe:S 
ratios are consistent with iron sulfide. A great portion of these small grains ranging from 1~2 μm 
were aggregated in cluster of 5~10 μm, similar to film precipitate. Loose aggregation of small 
nodules were also extensively observed. The irregular grains tended to be smooth while discrete 
laminar grains seemed still distinguishable, ranging from 1~5 μm (Figure 3-9). EDS shows they 
generally have Fe: S ratios similar to mineral mackinawite. The morphology of the clustered grains 





Figure 3-9 SEM micrographs from another spot of solid sample (T6) after incubation of 130 
days, with semi-quantitative EDS analysis 
3.3.3.b: FTIR observation 
Fourier transform infrared (FTIR) spectra of the sample T4, T5, T6 and T7 after incubation 
show IR absorption has many peaks of FeS2 and Fe hydroxides located at around 420 cm-1 and 
530 cm-1 respectively (Figure 3-10). The absorption peak of Fe-S is mainly located at about 470 
cm-1, suggesting pyrite like particles with a small size. The bands at 412~ 425 cm-1 could be 
assigned to Fe(II)-S stretching vibration. The bands around 1094~1159 cm-1 could also be 
attributed to the vibration of Fe-S in pyrite or mackinawite (Zhou, Liu and Dong 2017, Rath, 
Subramanian and Pradeep 2000). The bands we found for Fe(II)-S stretching is also reported by 
for inorganic synthesized pyrite and biological mackinawite (Khabbaz and Entezari 2016, Zhou et 
al. 2017). No distinctive bands were found at zone of 607~622 cm-1, which is related to stretching 
S-S (Rath et al. 2000).Characteristic bands found at around 532 cm-1, 912 cm-1 and 1032 cm-1 




It is also possible to observe the presence of very broad bands due to presence of gypsum 
(G) at 650 cm-1 and 599 cm-1 and a clear band of Ca-S centered at 660 ~ 650 cm-1 (Figure 3-10). 
In addition there were relatively intense bands at 1430 cm-1 and 1460 cm−1 of C-H and C-N that 
indicated the presence of organic material (Larkin 2017), which is probably organic acid 
complexing with the particle of ferrihydrite. The strong band at 873 and 726 cm-1, which is present 
in all samples could be due at impurity of calcite (C) (Pai and Pillai 2008), which can originate 
from the commercial gypsum or precipitate during the incubation. The intense IR band of calcite 
like impurity at 840~880 cm-1 region can cover the bands of As. A similar band at 834 cm-1 could 
be assigned also to the vibration of As-OH of As-O-Fe groups (Lumsdon et al. 1984). Separated 
bands at 847 and 874 cm-1 were similar to the experimental data reported by Myneni et al. (1998), 
and the ~ 40 cm-1 of separation in between was interpreted as two distinct types of As-O groups 
when complexing with Fe. Similarly at region of 770~ 800 cm-1 (Goldberg and Johnston 2001) 
reported bands at 783 cm-1 for arsenite been adsorbed to Fe oxides at pH5. Arsenite sorption bands 
were also found at 794 and 631 cm-1 with Fe and Al oxides by (Suarez, Goldberg and Su 1999). 
We observed two bands at 798 and 777 cm-1 that could be assigned to complexing of As with Fe 












3.3.4 Sequential Extraction Results from ZVI corrosion solids 
Sequential chemical extraction analysis of the freeze-dried sediment further revealed the 
distribution of various arsenic fractions (Figure 3-11). The total As contents from sequential 
extraction averaged 580 ± 38 mg/Kg (n=6) for samples from T3and T4, and 741 ± 19 mg/Kg for 
samples from T6 and T7 (n=6) and an average of 32.4 mg of As deposited with the solid mixture 
at each microcosm. Taking into account the dissolved As levels after the termination of As levels 
in all four As spiked microcosms and the amount of two As spikes, the sequential extraction 
scheme of As has ~ 95.5% in average recovery rate. The proportional distribution of As associated 
with different solid phases show consistent pattern in microcosms with As spikes. Three major 
sinks of As lie in: 48% of As extracted by hydroxylamine, 38% of As was extracted by 1M PO4, 
and 10% of As extracted by concentrated HNO3 at ambient temperature. The remaining four pools 
of As were generally less than 5%: HCl extractable As ~2%, oxalate extractable As and hot 
HNO3/H2O2 extractable As both ~ 1%, and there was little dissolvable As. Concentrations of total 
dissolved Fe and Mn at the extractant were also measured to better interpret the As extraction 
results. Fe was mainly leached out in steps of HCl and hydroxylamine leaching, while little 










The portion of As extracted by 1M PO4 averaged 257 mg/Kg of As per gram of freeze dried 
sample for microcosms with As spikes. The PO4 extracted As has similar levels at T3/T4 and 
T6/T7, suggesting that arsenite and arsenate might be adsorbed through similar processes. Arsenic 
liberated by the PO4 is often interpreted as As strongly adsorbed onto the surface of iron oxides 
and humic acids (Hudson-Edwards, Houghton and Osborn 2004), while As migrated into the 
crystal lattice will not be mobilized by the 1M PO4 leaching. The PO4 leachable As is thus As 
associated with mixed Fe (oxy)hydroxides and amorphous Fe sulfides, the existence of which is 
affirmed by both the SEM-EDS data and the Fe leaching results. The part of As is largely subjected 
to desorption with presence of high levels of PO4.  
After removal of adsorbed As species, the 1M HCl extractant further dissolves very 
amorphous Fe (oxy)hydroxides and amorphous FeS (pyrite or mackinawite), together with 
carbonate. The next step extraction using acid ammonium oxalate also targets amorphous or poorly 
crystallized iron materials through ligand promoted dissolution. Although somewhat overlapping, 
the elimination of amorphous phase provide important distinctions in evaluating the potential for 
As mobilization at reducing conditions, since the amorphous iron oxides are in general considered 
more vulnerable than crystalline Fe oxides to reductive dissolution. Over 150 mg/g of Fe and ~0.8 
mg/g of Mn is leached out at the 1M HCl leachate. And around 7.5 mg/g of Fe is extracted by the 
acid ammonium oxalate, with no Mn leached out during this step (Figure 3-11, Appendix 1 ). The 




Around 314 mg/Kg of As is leached out at the following hydroxylamine/HCl step, with 
~153 mg/g of Fe and ~0.72 mg/g of Mn (Figure 3-11, Appendix 1). The results indicated a 
significant portion of As is associated with crystalline ferric iron minerals. The complexation 
between As and crystallized ferric (oxy)hydroxides was relatively stronger compared to As 
adsorbed by the amorphous species. Given that T3/T4 received arsenite and T6/T7 received 
arsenate at the 2nd As spikes, and more As is extracted by hydroxylamine from T6, T7 samples 
than from T3, T4 samples, arsenate appeared to have a higher affinity to associate with the 
crystalline Fe (oxy)hydroxides minerals than arsenite. Cold 16N HNO3 leached out ~61 mg/Kg of 
As, which could be attributed to co-precipitated As with crystalized pyrite or As at amorphous 
As2S3. Little Fe is found at this step, reconfirming that amorphous iron sulfide was readily removed 
at the previous leaching steps. Since amorphous As2S3 is also more likely to been removed in the 
previous steps, the As leached out here is mainly attributed to crystalized pyrite. Contrasting to the 
existence of amorphous Fe minerals in large amount, the As leached out during the two steps 
weighs only a total of 3% of total As leached out by the SEP scheme. One plausible explanation 
is that As associated with the amorphous Fe phases is extracted beforehand at the PO4 leaching 
step. Very little As is found in the last step of leaching by hot 16N HNO3/H2O2, indicating minimal 
formation of crystalline As sulfides in the ZVI microcosms. Under the setting of the current SEQ 
scheme, the results confirm massive formation of amorphous ZVI corrosion products within the 
sulfide modified ZVI microcosm, besides the conventional crystalline minerals such as ferrihydrite, 
goethite or green rust. Our sequential chemical extraction results also suggest that the authigenic, 
amorphous Fe sulfides in microcosm samples were variable in their extractability.  
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3.4 Discussion 
3.4.1 Corrosion of ZVI with the biogenic sulfide 
The use of lactate and pyruvate in our research as electron donors for sulfate-reducing 
bacteria (SRB) seems to enhance the biogenic reduction of sulfate. At the surface of ZVI, chemical 
corrosion occurs as observed by SEM-EDS with a formation of a large precipitate. Chemical 
dissolution of ZVI results in the formation of hydrogen according to Eq 1(Kanel et al. 2005): 
2Fe0 + O2 + 2H2O → 2Fe2+ + 4OH− (Eq 1) 
While SRBs consume hydrogen and influence the equilibrium of the chemical dissolution, 
processes for sulfate reduction and oxidation of the excess sulfide could be developed to remove 
heavy metals with formation of Fe-S and S0. The sequence of conversions is provided in Eq 2-4 
below (Muyzer and Stams 2008, O'Day et al. 2004): 
SO42− + 8[H] + H+ → HS− + 4H2O (Eq 2) 
HS− + Fe2+ → FeS ↓ +OH−  (Eq 3) 
HS− + 0.5O2 → S0 + OH−  (Eq 4) 
These equation shows the probable way for the formation of iron sulfide as a product of 
ZVI corrosion and sulfate reduction. In our results ZVI corrosion is strongly linked with sulfate 




Under the high sulfate setting of the microcosm incubation, we found the surface of ZVI 
is massively corrode and formation of amorphous FeS and green rust around the precipitates of 
gypsum under the SEM. FTIR analysis of post incubation material further observed bonds of FeS 
and ferrihydrite. Ferrihydrite as the poorly ordered hydrous ferric (oxy)hydroxide is widely 
abundant at natural oxygenated and anoxic freshwater environments (Fortin and Langley 2005). 
Our sequential extraction results indicated more than half of the sequestrated As was associated 
with the crystalline Fe (oxy)hydroxides and significant amount of As was associated with 
amorphous phases. The results agree with previous findings that ZVI corrosion products as 
ferrihydrite could effectively immobilize dissolved As (Belzile and Tessier 1990, Root et al. 2007). 
While biogenic ferrihydrite generally occurs as small crystals with adsorbed anions and is often 
metastable, known to be a precursor of more crystalline forms such as like goethite, lepidocrocite 
and hematite (Fortin and Langley 2005). It was also reported amorphous hydrous ferric oxides 
could transform to green rust like phases, often with increased As solubilization (Root et al. 2007). 
Although arsenic was also reported to be adsorbed by green rust (Randall et al. 2001), in our 
microcosm we didn’t observe massive formation of these more stable iron oxide phases other than 
ferrihydrite, and even green rust only occurs sparsely. This could be attributed either to the 
subsequent modification such as reductive dissolution of potential iron oxides, or the pH buffered 




3.4.2 Formation of FeS and fate of As 
In the sulfide modified ZVI microcosm, the sequential leaching results are in reasonable 
agreement with the SEM micrographs first at observation of massively formed amorphous iron 
sulfides, for which distribution of As shares very similar pattern according to EDS mapping. 
According to the mineralogy observation the formation of Fe-S occur as very small thin precipitate 
on the surface of ZVI and gypsum particle. In other research it was showed that mackinawite can 
formed as the first stage As–Fe–S precipitate with small amount of As (<0.1 wt/wt %) as is 
observed by SEM-EDS results (Kirk et al. 2004). Our semi-quantitative results from EDS supports 
the precipitation of FeS during the incubation, indicating As associated with iron sulfide 
precipitates at 0.1 ~ 1% percent by weight (Figure 3-7). Pyrite is observed as the main stable FeS 
precipitate associate with As, and mackinawite was observed only as traces. Arsenic is associated 
with these FeS at 0.2 ~ 0.6 wt-wt %.The results are consistent with the observation of Kirk et al. 
(2010) reporting sequestered As by pyrite and greigite at 0.23 and 0.84 wt-wt% on average, 
respectively. Pyrite often occurs as part of a mixed minerals and organic deposits ubiquitously 
found at anaerobically corroded iron constructions, and also in organic submerged soils (peat bogs) 
as more stable Fe-As minerals, the formation of which often involves oxidation of Fe0 to Fe(II) / 
Fe(III) and presence of biogenic sulfide. Within the sulfide modified ZVI microcosm, we found 
the amorphous/crystalline mackinawite and pyrite can persist for quite a while under reduced 
conditions at low temperature. Besides the significant portion of As associated with fresh 
precipitated amorphous FeS, leaching results indicate a small portion of As was probably co-




FeS minerals is consistent with field observations under sulfate-reducing conditions with high 
arsenic levels (Wolthers et al. 2005, Berner 1970). 
Several research proposed that incorporation of As into iron sulfide is a series of complex 
processes affected by the rate of FeS precipitate and ratio of reactive iron to sulfur (Farquhar et al. 
2002). It is also proposed that rapid precipitation of FeS or limited sulfate supply doesn't 
necessarily retain As (O'Day et al. 2004). The remediating of As contamination in aqueous systems 
seems more efficient if this transformation occurs in presence of sulfate through biological 
pathways (Wilkin and Ford 2006). In our case the presence of gypsum dissolved out large amount 
of Ca, which could potentially limit As adsorption with ferrihydrite. Retention of As by pyrite 
within the context of our medium suggests that As uptake by these minerals might also be affected 
by interference from other ions in solution as Ca and Mg. The As content of the pyrite that formed 
within the As– Fe–S precipitation fell within the range of values reported for low-temperature 
pyrite in field studies. The chemical composition of the As-Fe-S precipitate containing 0.2 ~ 0.6 
wt.% of As appears exclude the formation of arsenopyrite (46 wt.%), orpiment (60.9 wt.%), and 
realgar (70 wt.%).  
The fate of As in the sulfide modified ZVI microcosm is implicitly related with reduction 
of both sulfate and Fe. Microbial reduction of sulfate could directly couple with reduction of Fe 
(oxy)hydroxides with formation of dissolved Fe and elementary S0. Arsenic adsorbed to the ZVI 
corrosion products could be mobilized during either reductive dissolution of the ferric 




(oxy)hydroxides such as ferrihydrite or goethite through ligand exchange. Increase mobilization 
of As was observed at microbial sulfidogenesis of ferrihydrite and goethite by Kocar et al. (2010) 
and Burton et al. (2011) for both As(III) and As(V). We observed that high percentage of reductive 
fraction of As (48%) extracted by hydroxylamine/HCl could be temporary from the aspect of 
experimental operations but the rate is at last limited to transform the bulk of ferrihydrite. Although 
there is a concern that the potentially desorbed As could potentially give rise to saturation of 
arsenic sulfide minerals with excess S2-, the reduction of ferric hydroxides with excessive sulfide 
will result in precipitation of FeS in the first place or even scavenge the sulfide (O'Day et al. 2004). 
Our leaching analysis at the end of incubation indicates As desorption through the sulfidization of 
ferrihydrite does not appear to be a prevailing process, compared to the fast precipitation of FeS. 
Precipitation of arsenic sulfide is not observed by mineralogy analysis either that these sulfides are 
under saturated or the process is limited by the slow kinetics.  
3.5 Conclusions 
According to the SEM-EDS results the As in the biogenic sulfide modified ZVI system 
could be partially incorporated into poorly crystalline Fe minerals and mainly in conjunction with 
pyrite. Despite that, our results suggest that with moderate supply of sulfate this level of As 
sequestration is sufficient to limit As accumulation in typical naturally contaminated reducing 
aquifers with active microbial SO42- reduction. The pH and availability of Fe in our experiment 
indicates the formation of ferrihydrite and mixed species of FeS are sufficiently efficient at neutral 




According to the sequential chemical extraction the sinks of As were mainly in the 
reductive fraction 48% of As extracted by hydroxylamine/HCl, 38% of As was extracted by 1M 
PO4, and 10% was extracted by concentrated HNO3 at ambient temperature. In addition the 
leaching results show that the significant portion of As leached out by phosphate is not linked with 
Fe dissolution but mainly depend on exchangeable reactions. The phosphate extraction is a 
measure of specifically sorbed As and interpreted as As sorbed onto surfaces of minerals but not 
embedded within the crystalline structure. The chemical sequential dissolution clearly indicate that 
about 40% of arsenic is associated with iron hydroxides formation with lower crystallinity. 
According to the FTIR, the iron precipitate were mainly ferrihydrite and lepidocrocite was also 
formed in minor amount. For ferrihydrite and lepidocrocite most arsenic remains associated with 
the surface but it is possible that As could be incorporated in the crystalline structure, but neither 
goethite nor magnetite were observed in the solid after the termination of incubation. This results 
have important implications for arsenic mobilization in aquifers or other reducing conditions. 
While adsorbed arsenic may be mobilized by competitive anion exchange with phosphate 
(Acharyya et al. 1999) or gypsum and carbonate (Appelo et al. 2002), the As structurally 
incorporated is totally immobilized and not liable to release. The reduction and sulfidization of 
iron oxides has also been suggested as a mechanism for arsenic mobilization to groundwater 
(Nickson et al. 2000, Lowers et al. 2007), which has been supported by positively correlated Fe 
and As levels. However, our results show that the concurrent release of arsenic and iron during 
reductive dissolution of iron oxides can be manipulated to very limited content within the biogenic 
sulfide amended ZVI microcosm, and the way to supply sulfate using dissolution of gypsum might 




ferrihydrite and lepidocrocite, to which arsenate is adsorbed, into more stable Fe(III) oxides 
anyway in not observed in our experiment due to the lower Eh (<-200 mV) and the strong 
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A multistage column study was conducted to examine the applicability and efficiency to 
use combination of Zero-valent Iron and gypsum in removal of arsenite. Four columns were 
deployed with variable flow rates and inflow combinations of arsenite and phosphate. The removal 
experiments were done in two separate stages, followed by a leaching experiment by phosphate 
solution to test the stability of the retained As. These gypsum adapted ZVI columns generally show 
good efficiency to removal As and 33 ~ 66% of total As fed into the column was retained by the 
column fill, and 10 ~ 26% of previously retained As was subsequently leached out by PO4. Change 
of flow rates didn’t show significant impacts on the overall As removal efficiency. A higher flow 
rates appeared in general in favor of the formation of FeS. However, the removal of As is also 
adversely affected by the coexistence of PO4 in the inflow. Effluent As and Fe levels suggested 
association of As with FeS as an effective pathway taken place in the ZVI system especially in the 
mid to late stages of the column experiment, while the adsorption of As onto corrosion products 
also existed. Facilitated formation of FeS appeared quite dependent on dissolved sulfides, and the 
latter was buffered by corrosion of ZVI. With proper amendments of gypsum, it is feasible to 







Contamination by dissolved arsenic, a toxic metalloid, has been an intractable threat to 
drinking water systems due to the high toxicity and extensive natural sources. Critical poisoning 
incidents were reported from many countries including Bangladesh, Indian, China, Argentina, 
Vietnam, Thailand and USA (Berg et al. 2008, Hug et al. 2008, Smedley and Kinniburgh 2002, 
Hossain et al. 2005, Zhiping et al. 2010, Welch et al. 1988, Ahamed et al. 2006). As a coping 
strategy, the Environmental Protection Agency of the US has recently revised the maximum 
contaminant level (MCL) for arsenic in drinking water from 50 to 10 µg/L, which is also the 
European maximum admissible concentration (MAC) and the regulation guideline set by the 
World Health Organization (Reimann and Banks 2004, WHO 2004). 
Current methods to remove As from water systems including anion exchange, coagulation, 
disposable iron adsorbent, water softening and more emerging techniques (Mondal et al. 2006, 
Berg et al. 2006, Siddiqui and Chaudhry 2017). Among these techniques, zero valent iron (ZVI) 
as a versatile player has gained extensive interests for being able to remove various contaminants 
including As with generally good efficiencies (Zhang et al. 2002, Fu et al. 2014). Despite all the 
merits, problems remains when operating ZVI infrastructure under specific conditions especially 
for a long time period. ZVI could sequester arsenic species through several processes including 
mainly adsorption and (co) precipitation by mixed iron corrosion products (Nikolaidis et al. 2003, 
Cheng et al. 2005, Su and Puls 2001b, Kanel et al. 2005, Siddiqui and Chaudhry 2017, Gibert et 




species on to common corrosion products of ZVI as varieties of Fe (oxy)hydroxides is generally 
rapid with a high capacity, the process is often limited. ZVI is first subjected to an inherent problem 
of gradual passivation. The corrosion products tend to coagulate over time. And the loss of porosity 
in turn could limit further corrosion of ZVI and the capacity of As adsorbed (Henderson and 
Demond 2007, Fu et al. 2014). The speciation of As is another problem that adsorption of As by 
ZVI is generally believed through formation of surface complexations between corrosion products 
and arsenate (Farrell et al. 2001, Lumsdon et al. 1984, Manning et al. 2002, Goldberg and Johnston 
2001, Waychunas et al. 1993). Although there are studies demonstrating arsenite could be 
adsorbed by firstly oxidized to arsenate or direct formation of inner-sphere, bidentate As(III) and 
As(V) complexes (Leupin and Hug 2005, Lien and Wilkin 2005, Manning et al. 2002, Farquhar et 
al. 2002, Kanel et al. 2005), arsenate generally showed better affinity over arsenite on iron based 
adsorbents. However, in reducing conditions, the prevailing As species is arsenite instead of 
arsenate. The stability of ZVI corrosion products which is quite dependent on the condition thus 
makes ZVI a labile method. One widely observed phenomenon in nature is bio-induced reduction 
of Fe (oxy)hydroxides in subsurface sediments, which often resulted in release of As into pore 
water or groundwater (Kocar et al. 2008, Pedersen et al. 2006, Dos Santos Afonso and Stumm 
1992, Fakih et al. 2009). Even within the operation timeframe, the adsorption of As by ZVI and 
formation of favorable corrosion minerals in removal of As is often rate limited and inclined to be 
affected by shifted water chemistry. The variety of ZVI corrosion products after longer-term 
operation at different geochemical conditions, typically ferrihydrite, goethite, lepidocrocite, 
magnetite and sulfate greenrust, generally have different behaviors on removal of As species (Su 




Randall et al. 2001, Su and Puls 2004, Phillips et al. 2000). Moreover, the adsorption of As is often 
adversely impacted by competing anions such as PO4 and silicate. The PO4 anion as a common 
component at natural reservoir, agricultural runoff and municipal water addition is of special 
concern due to the similar ionic radii with arsenate and thus could greatly compromise the 
efficiency of As removal by ZVI when present at high levels (Kandori et al. 1992, Manning and 
Goldberg 1996, Su and Puls 2001a, Tyrovola et al. 2006). All these limitations of As removal by 
pure ZVI implements call for proper adaptation of this technique to be more robust to endure 
fluctuations of operating conditions. 
Despite the many efforts to alter the physical properties of ZVI particles, to use ZVI as a 
part of the treatment procedure or only at precisely controlled conditions, very little research has 
investigated the feasibility of combining the use of gypsum with ZVI as a trial to incorporate 
sulfide into the conventional pathways to regulate As. The enlightenment was derived from field 
observations that at As contaminated sulfidic aquifers where Fe (oxy)hydroxides were subject to 
reductive dissolution, the dissolved As levels were maintained at low levels, and mapping results 
indicated As was specially correlated with iron and sulfur (Benner et al. 2002a, Nikolaidis et al. 
2003, Kirk et al. 2004, Lowers et al. 2007). Generation of sulfide from sulfate reduction was widely 
observed to interact with a wide range of environmentally important substances, which is common 
in many anoxic subsurface environments such as groundwater systems and wetland sediments. 
The reduction is mediated by sulfate reducing bacteria (SRB) which get metabolic energy by 
coupling the oxidation of organic substances or hydrogen with reduction of sulfate (Miao et al. 




(Roberts et al. 2004, Root et al. 2007), any sulfide related process that would change the Fe 
geochemistry will also result in associated changes in As behavior. One widely observed scenario 
is bacteria-mediated sulfidogenesis often retard As mobility in Fe rich reducing environments 
(Burton, Johnston and Bush 2011, Buschmann and Berg 2009). And precipitations of amorphous 
or crystalized FeS minerals were also reported to correlate with retention of As in multiple studies 
(Köber et al. 2005b, Kirk et al. 2004, Kirk et al. 2010, Kocar et al. 2010, Onstott et al. 2011, Rittle 
et al. 1995, Gong et al. 2016, Keimowitz et al. 2007, Wilkin 2001, Lowers et al. 2007).  
Although As removal through Fe-sulfide is in general very effective, very little research 
has tried to deliberately incorporate the sulfide related processes within the ZVI system and 
combine them with the adsorption of As by iron corrosion products. We have investigated the 
feasibility of such combination by incubating mixtures of gypsum and ZVI in microcosms, where 
massive formations of FeS were detected and sequential leaching results further revealed a 
significant portion of arsenic is retained by freshly precipitated FeS as well as pyrite (Chapter 3). 
Based on the previous microcosm incubation combining the use of gypsum with ZVI for 
removal of As, the aim of this study was to test the similar strategy using flow through columns 
and confirm similar removal of As through sulfide related processes could be simulated under 
dynamic flow conditions. Flow through columns packed with ZVI and gypsum were operated at 
short intervals to examine the retention of arsenite. The columns were set to run at ambient air 
conditions and adopted common hydrological parameters comparable to practical field setting. No 




to obtain some preliminary conclusions regarding the proper configuration of column fillings, the 
way/dose to provide gypsum and organic substrate, proper flow rates that could facilitate the 
precipitation of sulfide and associated As removal. Efficiency and stability of the As removal will 
also be tested in the post-hoc leaching experiment by moderate PO4 solutions. The configurations 
of the current column experiment will serve as a rough guideline for more precise tunings of 
operating conditions in the next step of research.  
4.2 Method 
4.2.1 Setup of four columns  
Fine ZVI powder of 44 micron (97%) was obtained from Millipore-Sigma. Reagent grade 
sodium arsenite, sodium phosphate hydrate, sodium bromide, and sodium lactate concentrate were 
purchased from Fisher, respectively. Gypsum chunks were obtained from Fisher Scientific and 
broken down to small pieces of ~0.3 mm pellets. Mixed sludge was obtained from a catch basin at 
Brooklyn, NY and the sludge used was screened using qPCR to confirm the inclusion of SRBs. 
Sea sand was obtained from Fisher Scientific, washed with 10% HNO3, then deionized (DI) water, 
and dried before use. The dry sand is then pass through 40 mesh (420 micron) to separate the fine 
and the coarse parts. Clear rigid PVC columns (1/2" ID) of 1.5 feet length were obtained from US 
Plastics. The tubing and fitting accessories were obtained from Cole-Parmer. All column parts 
were washed with DI water both outside and inside before use. Ultrapure water (18.2 MΩ.cm) was 





Figure 4-1 Packing of four gypsum loaded ZVI columns 
The 1.5' long columns were packed up wet using ultrapure water vertically from bottom to 
top, following a manner of roughly three sections. Both screw ends at the top and bottom of the 
columns were sealed first by a piece of thick glass wool (2 mm), after which followed a thin layer 
of first coarse and then fine sand as the bottom and top sections (0.5' each). Only the middle layer 
(~ 1/3 of the total length of the column) was packed with ZVI and gypsum pellets. The detailed 
packing of the middle ZVI/gypsum zone in the bottom to top direction followed: first a zone of 




of bacteria containing sludge (approx. 2 g); another layer of fine sand (13.5 g) to secure the layer 
of sludge, and then 6 g of chopped gypsum pellets (~ 0.3 mm) on top adjacent to the top 1/3 section 
of sand. A scheme of the column packing is given as (Figure 4-1). Deliberate care was taken to 
get rid of the trapped air by gently flapping onto the stem of columns while packing. Upon 





 Table 4-1 Setup of ZVI columns in removal of As. Column A- B had only As in their inflow, and column C-D had both As and PO4 in the inflow. 
The As removal experiment was conducted in two stages, followed by a leaching test by flushing 5mg/L of PO4 through all four ZVI columns. 
2:2:1 (v/v) of ZVI and coarse/fine sand were mixed and packed in the middle of PVC columns, followed by ~2 grams of sludge and 6 
gramps of chopped gypsum pellets from bottom to top direction 
  
 
mid zone of PVC columns Column Hydraulics Experiment stages Input of inflow solutions.  
ZVI 
(g) 
Sludge  w 





b (ml)  
Total 
porosity  
stage 1: 163 h stage 2: 




























flow rate  
at 1 rpm 
(ml/min)  
All pH was 
adjusted to ~7, 
with 20mM of 
Na-Lactate and 
5mM of NaBr.  
  
A : As(III) , fast 37 2 6 49.6 0.86 0.75 28 0.21 0.21 5 0 
B : As(III) , slow 37 2 6 33.9 0.59 0.30 11 0.09 0.09 5 0 
C : As(III)+PO4 , slow 37 2 6 38 0.66 0.45 17 0.13 0.13 5 8 
D : As(III)+PO4 , fast 37 2 6 35.8 0.62 0.75 28 0.21 0.21 5 8 
a. Sludge was obtained from a local catch basin and PCR tested to confirm inclusion of SRB. 






4.2.2 As removal experiment and post hoc PO4 flushing 
The packed columns then had their bottom outlets (via the 3 way valves) connected to the 
tubings on a multichannel cartridge pump (Watson Marlow 205S). Manifold Pump tubing (Fisher) 
with two different bore IDs (0.03 ″ and 0.08 ″) were adopted on purpose to obtain variable average 
flow rates within the columns. The other ends of the pump tubing were connected to tanks of 
inflow, and different combinations on As and PO4 concentrations were pumped upwards (Figure 
4-1,Table 4-1.). Briefly, column C and D had an inflow of 5 mg/L of As (add as arsenite) and 8 
mg/L of P- PO4 (add as sodium phosphate); Column A and B received phosphate free inflow with 
the same level of As at 5 mg/L. All column inflows have 5 millimolar (mM) of NaBr and 20 mM 
of sodium lactate, and had the pH values adjusted to ~7 using HCl or NaOH before use. 
The two separate stage of experiments to test removal of As followed as: 1) The four 
columns were first set to run for 163 hours as the 1st stage of As removal experiment with pump 
head speed of 3.5 rpm. This rate is equivalent to average linear velocities of ~28 ft/day for column 
A and D, and 11~17 ft/day for column B and C, corresponding to an average flow rate of ~ 0.75 
ml/min (1080 ml/day) for column A and D and a slower rate as ~ 0.30 ml/min (432 ml/day) for 
column C and ~ 0.45 ml/min (648 ml/day) for column D (Table 4-1). These rates were used to 
simulate the mean values of pore-water velocities reported for PRBs installed in the fields 
(McMahon, Dennehy and Sandstrom 1999, Phillips et al. 2000). A relatively faster flow in stage 
1 is used to accelerate the exhaustion of the media and test the operation of the columns within a 




end of stage 1, the columns were stopped after stage 1 and sealed with liquid to allow formation 
or crystallization of minerals requiring slow rates. The columns were set to stand undisturbed for 
90 days and then restarted for stage 2. A rate of 1 rpm at pump head was applied and the columns 
ran up to another 130 hours as stage 2 using the same inflow solution sets as in stage 1(Table 4-1.). 
The slower rate adopted in stage 2 was selected based on the As removal results of stage1, which 
is 5~8 times of the typical groundwater velocity of ~1 ft/day.  
After termination of the 2 stage As removal experiment, the columns were disconnected 
from the inflow tanks and flushed by 5mg/L P- PO4 solution using 1 rpm rate at pump head to test 
the stability of retained As. Black precipitates were observed on the inner surface of columns C 
and D. The flushing experiment was conducted for 168 hours. Selected effluent samples were first 
acidified with optimal 1% HNO3 and measured within the same batch on the Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS, Perkin-Elmer) for total dissolved As, Fe and P-PO4 levels.  
4.3 Results  
4.3.1 Removal of As by gypsum loaded ZVI column: 
4.3.1.a: Stage 1: Breakthrough of Arsenic:  
Without PO4, in column A with the faster flow and 5 mg/L of As in the inflow, 
breakthrough of As (5% of C0) occurred at around 3.5 hours. While column B with slower flow 
had breakthrough of As occurring at around 4.5 hours since initiation. For column C and D with 




1.5 hours, much earlier than its PO4 free counterpart column A. Similarly, for column C, 






Figure 4-2A Removal of As in four ZVI columns during stage 1；Figure 4-2B Removal of As 




4.3.1.b:  Stage1: removal of As in the effluents from four ZVI columns: 
As the experiment progressed and more arsenite entered the columns, total dissolved As 
levels in the effluent rapidly increased after the breakthrough and then remained at roughly 
constant levels. It was also observed that addition of PO4 in the inflow solution had a more 
significant impact than applying a faster flow rate. For column A with fast flow and only As in its 
feeding solution, the “mass transfer zone” before the equilibrium ended before hour 17, roughly 
15 bed volumes, and As levels then remained constantly at 1400 ~ 2300 µg/L until the end of stage 
1 (Figure 4-2A). Similarly for column B, after 36 hours of running effluent As in effluents settled 
at 1400 ~ 1600 µg/L across stage 1, slightly lower than in column A and both less than 50% of As 
in the inflow. In contrast to the PO4 free columns, in column C and D the As levels were settled at 
a much higher plateau after a longer mass transfer period. Column D with the faster flow has the 
highest levels of As in the effluent ranging between 4100 and 4300 µg/L in 38 hours since initiation. 
Column C has a comparable mass transfer period to column D, but the constant range of As was 
slightly lower at 3700 ~ 4500 µg/L, roughly 80% to 90% of inflow As concentration (C0), 
comparable to the observations of from another long term column simulations to remove As using 
ZVI (Nikolaidis et al. 2003). However, saturation was never observed at PO4 free columns A and 
B column across stage 1. Even in columns with PO4 where As achieved a temporal equilibrium at 
a much higher level, complete saturation is not observed, implying the corrosion of ZVI to form 




4.3.1.c: Retention of As in stage 2 by the same ZVI columns 
After a static flow period of ~3 months, the As concentrations within the PO4 free columns 
A and B were lowered to below 500 µg/L with incessant corrosion of iron. The starting levels of 
As were also sharply reduced in column C and D with PO4 in their inflow at stage 1 (Figure 4-2B). 
While we resumed feeding As at 5 mg/L in stage 2 using the same inflow solution but a slower 
rate, the evolutions of As began to diverge for treatments with and without PO4. In PO4 free 
columns A, effluent As levels climbed linearly, surpassed the constant zone of stage 1 at ~1.75 
mg/L in 14 hours after the resumption of inflow. Compared to column A arsenic in the effluent of 
column B was kept at ~100 µg/L in the first 12 hours after resumption of inflow. After this lag, As 
increased rapidly up to 2 mg/L by the end of stage 2. It is also interesting to observe that column 
C and D with PO4 in their feeding solution outperformed their PO4 free counterparts during stage 
2. In column C, arsenic first showed an increase up to 2 mg/L in 7.5 hours after the resumption, 
and As was after that gradually lowered to below 1 mg/L. Column D with a faster flow showed a 
similar trend as column C, and As levels were lowered to less than 10 µg/L after 11 hours. It is 
thus conflicting to observe As kept at lower levels in the two columns with PO4 during stage 2, 
which ended up with much higher levels by the end of stage 1. Column D with the relatively faster 
flow even had lower As levels than column C. The retention of As in stage 2 thus appeared 




4.3.2 Efficiency and stability of As retention:  
4.3.2.a: Total As removal efficiency 
The four columns generally show good efficiency of arsenite removal. Integration of As 
evolutions curves suggested the total As retained by the four columns followed as: in columns A 
As was sequestered by ZVI at 800 mg As per Kg of ZVI, which is 66% of total As fed in (Table 
4-2); Columns B removes 72% of As fed in, corresponding to 351 mg of As per Kg of ZVI. Within 
the time frame of the multistage removal experiment, the two columns with PO4 has 258 mg of 
As/ Kg of ZVI in column C and 401 mg of As/ Kg of ZVI for column D, which are roughly 33% 
~ 35% of total As fed in. This is expected considering the operating periods of the two stages and 
the well acknowledged adverse impact of PO4 on As adsorption. Despite the high efficiency, based 
on the results of As evolutions at stage 2 where As values were kept lower in columns with PO4, 
the capacity was far from saturated, and the values are merely calculations of As retention within 
stage 1 and 2 and didn’t reflect the capacity of the ZVI columns. It is thus inapposite to compare 
the results to conventional reported adsorption capacities calculated from sorption isotherms under 
very different operation conditions, which generally fall into range of 300 ~ 1700 mg As/ Kg of 





Table 4-2 As removal during stage 1 and 2, and replacement of ZVI retained As by subsequent PO4 leaching 











PO4 (ug) a 
Percent of As 
leached out as 
of total 
retained As  
Percent of As 
leached out 

















36675 8357 45032 15423 29610 66% 800 7614 26% 17% 
36675 3343 40018 5036 34982 72% 945 3207 25% 8% 
36675 5014 41689 17476 24214 35% 654 2355 25% 6% 
36675 8357 45032 30207 14825 33% 401 1503 10% 3% 
a. Amount estimated from integration of effluent As concentrations. 
b. Values are calculations of total As retention only in stage 1&2 instead of capacities of column fill, since saturation was not 








4.3.2.b: Stability of As retention 
The percent of PO4 replaceable As generally represent As adsorbed onto surface of Fe 
(oxy)hydroxides. Roughly 10 ~ 26 % of previously retained As was displaced by the phosphate 
solution (Table 4-2). These low ratios of PO4 extractable As suggested that the retention is stable 
and less susceptible to competition from phosphate. It is observed that the amount of the previously 
retained phosphate-extractable As decreased with elapse of time. After 5 hours of leaching by 5 
mg/L P- PO4, the previously PO4 free columns A and B had the maximum levels of As in the 
effluent with peaks of As at 5.2 mg/L in column A and 4.3 mg/L in column B, after which As 
concentrations attenuated gradually to less than 500 µg/L after 120 hours of leaching (Figure 4-3). 
From integration analysis we can anticipate roughly 26% of total As previously retained by ZVI 
or 17% of total As fed into the column were leached out by PO4 solution in column A, and very 
similar portions of As was leached out in column B (25% of total As previously retained by ZVI 
and 18% of total As fed to column). Column C had the peak of As in the effluent of ~ 1.6 mg/L 
after 10 hours and As levels dropped afterwards to less than 300 µg/L after 120 hours of leaching. 
The total amount of As flushed out in column C is roughly 25% of total As previously retained by 
ZVI or 9% of total As fed into the column. (Table 4-2). Column D which received the highest 
dose of both As and PO4 in previous stages had roughly 10% of the previously retained As or 3% 
of total As fed into the column leached out by PO4 solution. One possible explanation for the small 
portion of PO4 extractable As is that the load of PO4 in stage 1and 2 in columns C and D had 




and the final retained As in these two columns before the last PO4 leaching experiment might 
mainly associated with different iron minerals compared to the PO4 free columns A and B.  
All four columns had the total dissolved P concentrations in their effluents slightly lowered 
from the inflow of leaching solution with 5 mg/L of P- PO4. By the end of the leaching experiment, 
P levels in all the columns were detected below 4 mg/L (Figure 4-3), implying gradual generation 












4.4.1 Adsorption of As and PO4: 
The temporal constant levels of As (< 2 mg/L) in the PO4 free columns A and B were both 
less than half of the inflow As levels, contrasted with the shape of typical adsorption curves using 
pure ZVI (Su and Puls 2003, Kanel et al. 2005, Nikolaidis et al. 2003, Namasivayam and 
Senthilkumar 1998). This low-level equilibrium implied there might be another primary process 
retaining As besides adsorption. While PO4 is widely observed to compete with As species for the 
adsorption sites formed on the surface of iron corrosion products, the evolution of PO4 in stage 1 
could better reflect the extent of the adsorption processes. For columns C and D with coexisting 
As and PO4 in the inflow, the breakthrough time and the shape of mass transfer zone of PO4 both 
showed PO4 had advantages over As in stage 1. Thus the alternative processes to sequester As 
were probably obscured in column C and D during stage 1 due to the coexistence of high levels of 
PO4, which also accelerated the saturation of emerging adsorption sites. Although saturation was 
not completely achieved in stage1 even at column C and D, the high As levels and climbing PO4 
concentrations in the effluents signified limited capacity of ZVI to retain As through the pathway 
of adsorption. 
The PO4 leaching results also suggest the existence of an alternative pathway aside from 
adsorption. The portion of PO4 displaceable As previously retained by ZVI in columns A and B 
were roughly 17% (Table 4-2) , which was much lower compared to the portion of ~ 50% PO4 




time between stage 1 and stage 2 could also contribute to the low ratio, which would allow 
adsorbed As at the surface of the corrosion solids to form stronger surface complexes or part of 
adsorbed As might diffuse into the crystal lattice of minerals over time.  
4.4.2 Flow rate: 
Although there were observations that the association of As with freshly formed FeS might 
not be strong enough in the beginning of formation (Burton et al. 2011), As could only associate 
weakly with FeS during ferrihydrite transformation processes under flow conditions, and the rapid 
sulfidization of Fe (oxy)hydroxides may even promote release of adsorbed As (Kocar et al. 2010), 
over time more As could incorporate into more stable sulfide minerals such as pyrite or greigite 
(Wolthers et al. 2005, Lowers et al. 2007, Onstott et al. 2011, Köber et al. 2005b). We had similar 
observations in one microcosm studies adopting gypsum to promote microbial reduction of sulfate 
within the ZVI batch incubators (Chapter 3). While amorphous iron sulfide was readily found on 
the surface of ZVI corrosion, chemical leaching of post incubation solids indicated significant 
portions of As associated with both amorphous FeS and pyrites. The studied column system in this 
research utilized the combination of gypsum of ZVI with supply of carbohydrate in a similar 
manner to the batch incubation, and it is possible that association with sulfide might also play an 
important role to regulate dissolved As levels.  
The extent to which the dissolved iron or iron corrosions potentially react with dissolved 
sulfide is related to several parameters especially the redox of solution, the rates of ZVI corrosion 




corrosion of ZVI and microbial sulfate reduction in different ways such that faster flow better 
supplies of dissolved oxygen and carbohydrates, promote dissolution of gypsum. However, 
bacterial colonization and the crystallization of minerals are often favored by slower rates or longer 
residence time (Li et al. 2007, Li et al. 2002, Kostas, Georgios and Ioannis , Marcus 2011, Morse 
et al. 1987, Reardon 2005, Triszcz, Porta and Einschlag 2009).  
No consistent impact on removal of As was observed by adopting slower flow rate across 
stage 1 and 2. In the PO4 free columns A and B, variable flow rates had similar efficiencies to 
retain As in both stage 1 and 2. However, analogous behaviors could not be found in columns with 
PO4. We found column D achieved better efficiency to remove As in stage 2, while column C 
maintained a better retention of As during stage 1. Besides its impacts on sulfide related processes, 
variation of flow rate might tangle with the PO4 related processes. Faster flow may bring more PO4 
into the columns, which generally had adverse impacts on retention of As. It is necessary to trace 
the changes of dissolved Fe to better understand the impacts of flowrate and complex interactions 
within the gypsum altered ZVI system,  
4.4.3 Fe-S process and As removal 
4.4.3.a: Retention of As by sulfide related processes in column C and D 
The low dissolved Fe levels throughout stage 1 could be attributed to both corrosion of 
ZVI to form Fe (oxy)hydroxides and formation of FeS through either direct precipitation processes 




dissolved Fe levels in stage 2 (Figure 4-4) did not support indistinctive massive formations of FeS 
among all the four ZVI columns. It is observed that the effluent Fe concentrations were maintained 
at very low levels only in column C and D in stage 2, which was distinctly different from the Fe 
levels in PO4 free columns, indicating additional precipitation of Fe in column C and D. For 
example, in column B, effluent Fe initially decreased from over 3.5 mg/L to 0.7 mg/L in stage 2, 
and increased afterwards to over 4 mg/L. The dissolved Fe level was observed to decrease even 
more rapidly in column A in stage 2. While in column C dissolved Fe never exceeded 0.7 mg/L 
across stage 1 and 2. The inconsistence of Fe levels is probably resulted from various confounding 
sulfidogenesis changes of Fe (oxy)hydroxides. The introduction of PO4 further added to the 
complexity to interpret the complex roles of sulfide on regulation of As levels through its multiple 





Figure 4-4 Evolution of total dissolved As, PO4 and Fe in stage 1 and 2. The two stages with different pump rates were plotted on the 





If the Fe (oxy)hydroxides related adsorption processes for both As and PO4 were 
proportional to the corrosion of ZVI and followed a similar pattern to that of stage 1, the contrasting 
removal of As in stage 2 probably came from an alternative pathway to retain As besides 
adsorption. Besides the widely acknowledged competition between PO4 and As species, there are 
studies that crystallization of amorphous ferric hydroxide to FeOOH particles could be inhibited 
by increasing concentrations of phosphate (Kandori et al. 1992), especially for α-FeOOH which is 
an important substrate to adsorb dissolved As species. In column C and D, if the extent of As 
adsorption in these PO4 columns were comparable to their PO4 free counterparts, the low levels of 
both As and Fe implied massive precipitations of FeS under the potential sulfuric conditions 
(Kocar et al. 2010). Assuming addition of PO4 could potentially inhibit the formation and 
crystallization of FeOOH particles, with less formation of FeOOH in the PO4 columns at the 
beginning of stage 2, the sulfidization of FeOOH would have been poised to the formation of FeS 
into either amorphous or crystalized forms, both of which were widely observed being able to 
retain As species effectively (Köber et al. 2005b). Compared to the slow column C, Column D 
with the faster flow achieved a better As retention in stage 2, probably due to the potentially higher 
dose of sulfate introduced into column D with flow. Also, the development of FeS related As 
retention process in column C and D, especially column D would coincided with their better 
performance in the subsequent PO4 leaching test in that the As retained by column C and D during 
stage 1and 2 had already been extracted by PO4, the big portions of retained As within these 




As is once reported, arsenic species been adsorbed onto ferric and ferrous phosphate, which 
is readily precipitate at neutral pH or lower. The capacity of such adsorption was reported high 
(>16 mg/g) either for amorphous or crystalline forms of FePO4 (Lenoble et al. 2005). However, 
the decoupling of dissolved As and PO4 levels in column C during stage 2 implied the potential 
adsorption of As with FePO4 was not expected or as a significant process in the studied system.  
4.4.3.b: Retention of As by sulfide related processes in column A and B 
Likewise, without PO4 in their inflow in column A and B, assuming the corrosion of ZVI 
was incessant and As would potentially adsorbed onto the emerging adsorption sites at the surface 
of corrosion products, reductive dissolution or sufidogenesis of Fe (oxy)hydroxides might also 
take place as an important process under the sulfidic reducing condition as is often observed 
(Burton et al. 2011). The limited capacity and rate of generation of adsorption sites and potential 
dissolution of Fe (oxy)hydroxides could both contribute to increase of dissolved As levels. The 
observed increase of dissolved Fe with concurrent increased of dissolved As levels in stage 2 
suggested reductive dissolution of Fe (oxy)hydroxides.  
For sulfide related processes, it was proposed when dissolved sulfide is more limited 
instead of Fe (oxy)hydroxides, rapid reduction of Fe (oxy)hydroxides will oxidize dissolved 
sulfide to higher oxidation states, dominantly elementary S (S0), and thus poise the sulfidogenesis 
reactions to massive formation of S0 instead of precipitation as FeS (Dos Santos Afonso and 
Stumm 1992). This reaction path would also resulted in release of ferrous Fe, and subsequent 




sulfate reduction or supply of gypsum (Burton et al. 2011). Assuming there were better 
crystallization of FeOOH in column A and B without inhibition from introduction of PO4 (Kandori 
et al. 1992), the potential limitation by dissolved sulfide would be aggravated with respect to Fe 
(oxy)hydroxides. The behavior of As in stage 2 in these PO4 free columns A and B might thus 
relate more with the collaborations of lasting adsorption of As, and sulfidogenesis of Fe 
(oxy)hydroxides generating either FeS or dissolved ferrous Fe and S0. Considering the increasing 
levels of As by the end of stage 1, it is not surprising to see the increase of As levels even in the 
PO4 free columns A and B in stage 2, indicating As retention through these pathways was limited 
by rates or extents in stage 2. The concurrent increase of dissolved As and Fe levels and the higher 
portion of PO4 extractable As in PO4 free columns A and B suggested that the FeS related As 
retention process appeared to develop only to a less extent in columns A and B compared to their 
PO4 counterparts.  
Beside As associated with FeS, precipitations of discrete As sulfide minerals, such as 
realgar or orpiment (Bostick and Fendorf 2003, O'Day et al. 2004, Köber et al. 2005b, Kirk et al. 
2004, Onstott et al. 2011, Gallegos et al. 2008) are also possible pathways sequester dissolved As 
in sulfuric conditions. Co-precipitation of As with Fe and sulfide as FeAsS is also reported in a 
couple of studies (Köber et al. 2005b, Kirk et al. 2010). We have no clear clue in this system to 
the existence or the extents of these processes, however As sulfide minerals generally require 
higher levels of dissolved sulfide to saturate (Bostick et al. 2004). Formation of dissolved arsenic 
sulfur complex resulted from excessively even high levels of sulfide (Nikolaidis et al. 2005, 




4.5 Implications  
By adopting gypsum, we demonstrated the effectiveness of ZVI columns in removal of 
dissolved arsenite under dynamic flow conditions. Evolution of dissolved Fe supported 
precipitation of FeS in the ZVI columns with or without PO4 in the inflow. Behaviors of As and 
PO4 indicated while adsorption onto ZVI corrosion products as a rapid and prevailing process to 
retain As and PO4 at the early stage, association with FeS might play a more vital role to retain As 
at the late stage, especially when enough hydraulic retention time was given to facilitate formation 
of more stable minerals. The As associated with sulfide processes was stable and only a very small 
portion could be displaced by flushing of PO4 solution. These As removal behaviors of by gypsum 
loaded ZVI columns are generally in good consistence with our findings on As retention using 
mixed ZVI and gypsum in microcosm batch incubators (Chapter 2). 
Despite the efficiency and stability of the collaborative pathways in removal of As using 
gypsum loaded ZVI, it is suggested the level of dissolved sulfide in the column system is critical 
for massive precipitation of FeS, and limitations by sulfide might poise the ZVI system to retain 
As mainly through adsorption by Fe (oxy)hydroxides. A higher flow rates appeared in general in 
favor of the formation of FeS during the sufidogenesi of Fe (oxy)hydroxides. However, the 
removal of As is also adversely affected by the coexistence of PO4 in the inflow.  
To fully explore the merits of the gypsum loaded ZVI system in removal of dissolved As 




experiments with critically designs and better controls of more parameters as the future work. 
While the detailed biological and chemical processes within the complex system were not yet 
illuminated in details, quantifications of dissolved sulfide will provide lucid information on the 
extent and relative importance of the FeS related As retention. Mathematical models should be 
developed to achieve consistent As removal under shifting operation conditions before the gypsum 
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